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Abstract A study was conducted in dogs to assess n-3

long chain polyunsaturated fatty acid incorporation after

feeding an a-linolenic (ALA)-rich flaxseed supplemented

diet (FLX) for 84 days. Serum total phospholipids (PL),

triacylglycerol (TG), and cholesteryl esters (CE) were

isolated at selected times and fatty acid methyl esters were

analyzed. Increased LA was seen in the FLX-PL fraction

after 28 days and an expected decrease in PL–AA.

Enrichment of ALA, eicosapentaenoic acid (EPA) and

docosapentaenoic acid n-3 (DPAn-3) in the FLX-group

occurred early on (day 4) in both PL and TG fractions but

no docosahexaenoic acid (DHA) was found, consistent

with data from other species including humans. In contrast,

no accumulation of DPAn-3 was seen in serum-CE, sug-

gesting that this fatty acid does not participate in reverse-

cholesterol transport. The accumulation of DPAn-3 in

fasting PL and TG fractions is likely due to post-absorptive

secretion after tissue synthesis. Because conversion of

DPAn-3 to DHA occurs in canine neurologic tissues, this

DPAn-3 may provide a circulating reservoir for DHA

synthesis in such tissues. The absence of DPAn-3 in serum-

CE suggests that such transport may be unidirectional.

Although conversion of DPAn-3 to DHA is slow in most

species, one-way transport of DPAn-3 in the circulation

may help conserve this fatty acid as a substrate for DHA

synthesis in brain and retinal tissues especially when die-

tary intakes of DHA are low.
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Abbreviations

AA Arachidonic acid

ALA Alpha-linolenic acid

CE Serum cholesteryl ester fraction

DHA Docosahexaenoic acid

DPAn-3 Docosapentaenoic acid, n-3

EDTA Ethylenediaminetetraacetic acid

EPA Eicosapentaenoic acid

FLX Flax seed supplemented diet

LA Linoleic acid

PL Serum phospholipid fraction

SUN Sunflower seed supplemented diet

TG Serum triacylglycerol fraction

Introduction

Long chain n-3 fatty acids, notably eicosapentaenoic acid

(EPA) and docosapentaenoic acid (DHA), are documented

to have important health benefits including cardioprotec-

tive effects [1–3] as well as roles in neurological devel-

opment [4–6] and the inflammatory response [7–9]. While

many studies have emphasized EPA and DHA, naturally

occurring fish oils are additionally enriched in docosa-

pentaenoic acid (DPAn-3), an important intermediate in
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DHA synthesis [10]. Consequently, recommendations have

been made for the general public to increase their dietary

intakes of fatty fish rich in these compounds [11]. How-

ever, cost, availability, heavy metal concerns, and dietary

preferences may limit fish and fish-oil intake among certain

populations [12]. Metabolically, a-linolenic acid (ALA) is

a precursor of EPA, DPAn-3, and DHA. Studies in several

mammalian species have found that DPAn-3 is the main

ALA metabolite in cell membranes of most herbivores and

carnivores [13]. As such it may be an important plasma or

tissue reservoir for either EPA or DHA synthesis.

Dietary ALA has been shown to increase blood con-

centrations of cardioprotective fatty acids in humans and to

exert benefits in post-myocardial infarction patients [2].

High ALA diet also reduces lipid and inflammatory car-

diovascular disease risk factors in patients with hypercho-

lesterolemia [14] and certain inflammatory mediators in

free-living subjects [15]. The cardioprotective effects of

ALA appear to be due, in part, by reduction in the pro-

duction of inflammatory cytokines [16]. It is unknown

whether ALA is cardioprotective in its own right although

there is an ever growing body of research supporting this

possibility (reviewed in [17]).

The canine species has served as a model demonstrating

that intravenously infused EPA and DHA reduces the risk

of cardiac arrhythmias [18]. Because dogs, like humans,

can convert either ALA or stearidonic acid to longer chain

n-3 derivatives [19, 20], the ability of dietary ALA to

provide enough EPA to be similarly cardioprotective is

unknown. Knowledge of dietary ALA metabolism in dogs

will therefore provide a basis for future investigations of

the canine arrhythmic model using dietary interventions

with n-3 fatty acids.

It should also be mentioned that dogs, although rela-

tively expensive, are a species of choice for human drug

development including compounds affecting lipid metab-

olism and especially where serial blood sampling is per-

formed. Furthermore, because many of the commercial

foods fed these animals during such testing now contain

increased amounts of flaxseed or linseed oil, it has become

necessary to understand effects that such background diets

may have on lipid metabolism per se. Thus, the canine

species is an important animal species with which to

investigate the time course and extent of incorporation of

long chain n-3 fatty acids in plasma or tissues when ALA-

enriched diets are fed. Seed oils rich in ALA such as

flaxseed, canola, or corn show promise for providing

functional enrichment of cell membranes with EPA,

DPAn3, and, under some conditions, DHA. They may

provide an alternative to fish and fish oil, which may be

less available and sustainable globally.

The present study was performed to evaluate the early

time course and extent of accumulation of long chain n-3

derived fatty acids in the major serum lipid subfractions of

dogs fed an ALA enriched diet over a 12 week feeding

period. Serum total phospholipid fatty acids are generally

used as a biomarker of tissue enrichment; serum triglyceride

fatty acids reflect the post-absorptive state of fasted samples;

and cholesteryl ester fatty acid profiles demonstrate impor-

tant metabolic preferences during their return to the liver via

reverse cholesterol transport. Analysis of each of these serum

lipid subfractions under conditions of a single dietary mod-

ification provides a complete metabolic picture of the

dynamics of fatty acid metabolism and allows a thorough

evaluation of lipid metabolic alterations in this canine model.

Experimental Procedures

Flaxseed and Sunflower Seed Supplements

Whole flax and sunflower seeds were ground and screened

(200 mesh, ENRECO, Manitowoc, WI, USA) to improve

digestibilities. The composition of the ground seeds is

shown (Table 1). The flaxseed contained 52.7% ALA and

the sunflower seed contained 68.2% LA while the other

fatty acids were distributed nearly equivalently between

these two oilseeds.

Animals and Diets

A commercially available canine dry, extruded diet (basal

diet; Hill’s�, Canine Senior, single lot number) was lightly

sprayed with up to 1% (w/w) distilled water in a bakery

mixer (Model L800, Hobart Industries, Inc, Troy, OH,

USA) and the ground seeds were coated onto the expanded

food particles at 3% by weight of the basal diet. Two diets

were thus produced varying in fatty acid composition

reflecting the supplement used. The diets were allowed to

dry completely, stored at 4�C in their original bags, then

placed in plastic drums fitted with lids until the time of

Table 1 Fatty acid composition of flax and sunflower seed oils

(relative %)

Fatty acid Sunflower Flax

12:0 0.5 –

14:0 0.2 –

16:0 6.8 4.8

16:1 0.1 –

18:0 4.7 4.7

18:1n-9 18.6 19.9

18:2n-6 68.2 15.9

18:3n-3 0.5 52.7

20:4n-6 0.4 –

Values are the average of two determinations
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feeding. Complete fatty acid profiles of the two supple-

mented diets have been previously reported [21]. Dietary

treatments were such that the fatty acid profiles of the

two supplemented diets varied predominately between

18-carbon n-6 and n-3 fatty acid series.

The basal diet contained approximately 23.8% energy as

fat (about 97 g fat/kg diet), 7.8% energy as linoleic acid

(LA). On an as-fed basis this diet contained 17.0% protein,

58.5% carbohydrate, 3.0% fiber, 10.8% moisture and

3552 kcal/kg diet. The supplemented diets contained 25%

of energy total fat (about 102 g fat/kg diet). The sunflower

seed supplemented diet (SUN) contained 9.3% kcal as LA

and 0.43% kcal as ALA. It also contained 17.0% protein,

56.9% carbohydrate, 4.2% fiber, and 10.8% moisture

(as-fed). By contrast, the flaxseed supplemented diet (FLX)

contained 7.3% kcal as LA and 2.5% kcal as ALA with

17.2% protein, 57.0% carbohydrate, 3.7% fiber, and 10.8%

moisture on an as-fed basis. Because the LA contents of

each diet were between 7.3 and 9.3% energy, it was

anticipated that tissue levels would be saturated with LA

[22, 23]. Thus, a comparison between a low ALA (0.43%

kcal) diet (SUN) and an enriched ALA (2.5% kcal) diet

(FLX) was made at saturating dietary concentrations of LA.

The protocol for this study was approved by the Texas

A&M University Laboratory Animal Use Committee.

Dogs were individually maintained in kennels according to

the American Physiological Society Guidelines for Animal

Research. Eighteen adult, mixed breed dogs, ranging in

body weight from 10 to 20 kg were divided into 2 groups

of 9 each. To begin the study, feeding periods were stag-

gered over three successive days so that 3 animals from

each group (6 animals per day) were fed the supplemented

diets assuring feeding and sample collections in a timely

manner.

The basal diet was fed, unsupplemented, for a 2 week

diet acclimation period prior to blood sample collection on

day 0. The dogs were then randomly assigned to either the

SUN or FLX group and fed their respective diets for

84 days. Because the animals were fed to maintain their

starting body weights and monitored weekly, all animals

were observed to readily and consistently consume all food

offered. All dogs were weighed weekly during the feeding

period. Blood samples were obtained via jugular vena

puncture with no anticoagulant after withholding food

overnight (day 0) just prior to starting the feeding period.

Thereafter, the animals were fed their respective diet and

blood samples again collected after withholding food at 4,

7, 14, 28, 56, and 84 days.

Sample Analyses

Serum was freshly harvested from the blood samples on

the day of collection and total lipids were extracted and

sub-fractionated via thin layer chromatography [21]. After

visualization with iodine vapor, the phospholipids (PL),

triacylglycerol (TG), and cholesteryl ester (CE) fractions

were scraped from the plates, placed in screw-capped

glass tubes fitted with Teflon caps, and 4% sulfuric acid

in methanol added for trans-methylation prior to capillary

gas chromatography [21]. Fatty acid profiles were deter-

mined using an OmegawaxTM 320 fused silica capillary

column (0.25 lm thickness, 30 m long, and 0.32 mm ID)

(Supelco, Inc. Bellafonte, PA) with a Hewlett Packard

Series II 5890 Gas Chromatograph (Hewlett Packard Co.,

Palo Alto, CA) with a 50:1 split ratio and helium as

carrier gas at 30 ml/min initial velocity. The column oven

was temperature programmed starting at 180�C, held for

15.5 min, then heated to 210�C at 12�C/min and held for

19 min. The injection and detector temperatures were

held constant at 250 and 260�C respectively. Flame ion-

ization detection was used and results generated with HP

Chem Station� software package (Hewlett Packard Co,

Palo Alto, CA, USA). Authentic fatty acid methyl ester

standards (68-B, 20-A, Nu-Check Prep, Elysian, MN,

USA) and fish oil standards were used to identify the

samples via retention time comparisons. [21]. In addition,

a standard for 20:3n5 (D5,8,11) via lipid extraction and

trans-methylation of Podocarpus nagi seeds rich in this

fatty acid was prepared and used to provide a preliminary

identification of this fatty acid triene when observed in

the samples. When present, it was tentatively identified as

a 20:3n-6 isomer that awaits confirmation of its more

precise molecular configuration. The seeds were gener-

ously provided by Shigeru Matsutani (Kyoto Botanical

Garden, Kyoto, Japan).

Statistics

Statistical analyses of all data were performed using the

Microsoft Windows� version of SAS/STAT Version 6

(SAS Institute, Cary, NC, USA). The Shapiro–Wilks test

was performed and nearly all the data were normally

distributed. Repeated measures ANOVA using a general

linear model was performed with the diet as a between-

subject factor and time as a within-subject factor.

Friedman’s test was used for the non-normally distributed

data. Main effects of time and diet as well as the interaction

of time with diet were therefore determined. When diet or

diet 9 time effects were found, student’s t test was used to

identify differences between the two dietary treatments at

the same time.

In all cases, significance was set at P \ 0.05. Fatty acid

profiles of lipid fractions obtained on Days 0, 4 and 84 have

been previously reported in abstract form [21]. Results of

the complete repeated measures ANOVA analyses of

samples collected at all sample times are now presented.
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Results

Statistically significant time effects were seen with the

majority of fatty acids in this study. This finding was not

unexpected due to lipid modification of the basal diet in

which the day 0 values were compared with those obtained

at subsequent sampling periods after feeding the two sup-

plements. Also, it should be noted that the fatty acid pro-

files of the serum PL, TG, and CE in the SUN group were

essentially unchanged over time after day 4 (Tables 2, 3,

and 4). These findings were not unexpected because the

relative fatty acid compositions of both the basal diet and

SUN supplemented basal diet were nearly identical.

However, where diet and diet 9 time interactions were

observed, comparisons between the SUN and FLX groups

were made and a number of important differences were

observed. The diet*time interactions are shown in the

footnotes to Tables 2, 3, and 4 and included the n-3

polyunsaturated fatty acids except for DHA in all fractions

and 22:4n-6 in the PL fraction (Table 2). Interactions

between diet and time indicated that the duration of feeding

interacts with the diet per se to provide an additional effect

on a particular fatty acid beyond any main diet effect seen.

Enrichment of serum n-3 polyunsaturated fatty acids in

the FLX group occurred early on (day 4) in each lipid

subclass examined. Specifically, PL fractions were signif-

icantly enriched in ALA and EPA beginning on day 4 and

remained so during the entire feeding period (Table 2). At

the end of the feeding period, serum PL fatty acid changes

included significant elevations of ALA (254% increase),

EPA (195% increase), and DPAn-3 (68% increase) and

significant decreases of AA, in the FLX group (Fig. 1). It is

especially noteworthy, however, in the FLX group, that

PL–DHA was unchanged during the entire period demon-

strating the lack of serum DHA accumulation in the FLX

(i.e. ALA) supplemented dogs. Also, increased PL–LA was

seen in the FLX group and this increase reached statistical

significance on days 28 and 84 while numerical elevations

of PL–LA in this group were also seen at every sample

time after day 0 (Table 2). On day 28 the anticipated

decrease in PL–AA was observed within the FLX group

which remained so for the duration of the study. Of addi-

tional interest was that when the FLX diet was fed, 22:4n-6

was decreased as early as 7 days relative to the SUN group

which appeared to be modestly increased, but not signifi-

cantly so, with time. Serum TG fractions of FLX fed dogs

were similarly enriched in ALA (217% increase), EPA

(171% increase), and DPAn-3 (122% increase) and again

no DHA was found (Table 3).

In the serum CE fraction, flaxseed supplementation

resulted in a significant increase in ALA at day 4 and

throughout the feeding period. This change was followed

beginning on day 7 with a statistically significant

accumulation of EPA (Table 4). Percentage increases of

ALA and EPA were greatest among all lipid fractions

analyzed with 300% increases seen in ALA at day 7 and in

EPA at day 14. These statistically significant accumula-

tions culminated on day 84 with a 423% increase of ALA

and 410% increase in EPA (Table 4). However, no

appreciable accumulation of either DPAn-3 or DHA was

seen in this fraction at any time point studied.

Discussion

Rapid accumulation of EPA, but not DHA, was seen in

serum PL and TG lipid fractions in the canine model when

a 3% (w/w) whole ground flaxseed supplement was added

to a moderately high LA containing diet (7.3% of energy as

LA). Notably, early and significant increases in ALA, EPA,

and DPAn-3 were all seen with the exception of DHA.

Similar enrichments of EPA and DPAn-3 have been

observed in human plasma using a 4 week feeding period

[24]. For that matter, this phenomenon has been observed

in humans and various other animal species (reviewed in

[25]) and is consistent with other evidence that plasma

enrichment of DHA after ALA supplementation is less

efficacious than providing smaller dietary amounts of

preformed DHA per se [25, 26]. It should be noted that

studies in rats have shown the conversion of ALA all the

way to DHA to be effective in liver and plasma [27]. By

contrast, however, there is resistance for serum DHA levels

to increase in dogs fed ALA at the dietary amounts

employed in this study given the observation that PL–DHA

was unchanged in the FLX group during the entire dietary

period. This finding is more similar to results seen in

humans [25].

The accumulation of DPAn-3 seen in both fasting PL

and TG fractions is consistent with secretion after tissue

synthesis from dietary ALA. Conversion of DPAn-3 to

DHA has been reported in canine neurologic tissues [28]

and likely occurs after uptake of fatty acid precursors

from the circulation. These findings suggest that produc-

tion of DPAn-3 from ALA may serve as an important

circulating reservoir for tissue DHA synthesis as DPAn-3

is transported via plasma lipids to neurological tissues

[29].

It should be noted that conversion of ALA to longer

chain derivatives is largely affected by the relative amounts

of LA present in the diet and thus the LA/ALA ratio [25].

However, many human studies using n-3 fatty acid sup-

plementation have been unable to accurately document n-6

intakes which may explain, in part, variability of results

seen. In the present study, using dogs, the LA/ALA ratio of

the FLX supplemented diet was 3.1:1 while that of the

SUN group was 23.3:1 both of which are within the range
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of values recommended by the 2006 National Research

Council for canine diets [30]. The recent report by Ma-

rangoni et al. found similar increases of EPA and DPAn-3

in a small group of normal humans supplemented with

walnuts containing 4.4 g LA/day and 1.2 g ALA per day at

a LA/ALA ratio of 3.6:1 [24]. In that study, amounts of LA

and ALA from other dietary sources were not strictly

controlled although participants were instructed to specif-

ically limit their consumption of other ALA containing

foods and fish during the short study period. Given these

similar findings, it is of interest that the FLX group LA/

ALA ratio in the present study is essentially equivalent to

Table 2 Serum phospholipid fatty acid composition during the feeding period

FA Days FLX SDb SUN SDb

0 4 7 14 28 56 84

FLX SUN FLX SUN FLX SUN FLX SUN FLX SUN FLX SUN FLX SUN

14:0 0.12 0.13 0.15 0.17 0.13 0.14 0.14 0.16 0.15 0.15 0.13 0.15 0.15 0.18 0.03 0.06

14:1 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15:0 0.08 0.07 0.08 0.08 0.07 0.08 0.08 0.08 0.08 0.08 0.07 0.08 0.07 0.09 0.01 0.01

16:0 14.37 14.31 14.28 14.42 13.50 13.78 13.80 13.84 13.89 13.91 13.53 13.91 14.04 14.74 1.18 1.58

16:1n-7 0.39 0.42 0.39 0.42 0.36 0.42 0.37 0.42 0.33 0.33 0.31 0.33 0.31 0.33 0.11 0.13

17:0 0.62 0.56 0.56 0.56 0.59 0.56 0.59 0.57 0.59 0.59 0.59 0.59 0.58 0.64 0.07 0.06

17:1n-7 0.22 0.30 0.24 0.26 0.24 0.28 0.23 0.26 0.25 0.19 0.23 0.19 0.20 0.23 0.05 0.06

18:0 29.94 29.07 29.23 28.29 28.48 28.47 28.82 28.18 29.11 29.01 29.57 29.01 29.07 28.54 1.58 2.20

18:1n-9 5.25 5.28 5.26 5.15 5.38 5.16 5.31 5.30 5.09 4.85 5.05 4.85 5.19 5.02 0.40 0.54

18:1n-7 2.21 2.27 2.19 2.27 2.09 2.31 2.19 2.26 2.06 2.00 2.04 2.00 1.92 1.80 0.44 0.43

18:2n-6 16.04 16.31 17.37 16.99 17.60 16.53 17.81 17.26 17.64a 16.22 18.16 17.43 18.46a 16.86 1.77 2.25

18:3n-6 0.18 0.17 0.19 0.17 0.19 0.17 0.19 0.18 0.19 0.19 0.21 0.19 0.19 0.16 0.05 0.05

18:3n-3 0.11 0.08 0.35a 0.08 0.38a 0.06 0.40a 0.08 0.34a 0.08 0.38a 0.08 0.39a 0.09 0.11 0.04

20:0 0.21 0.22 0.21 0.24 0.22 0.23 0.21 0.24 0.21 0.23 0.21 0.23 0.22 0.22 0.03 0.06

20:1n-9 0.12 0.17 0.12 0.13 0.13 0.14 0.12 0.14 0.12 0.14 0.13 0.14 0.12 0.13 0.02 0.05

20:2n-6 0.26 0.27 0.26 0.27 0.27 0.29 0.30 0.33 0.26 0.34 0.33 0.34 0.32 0.32 0.07 0.10

20:3n-9 0.10 0.11 0.06 0.10 0.04 0.05 0.07 0.12 0.10 0.07 0.06 0.07 0.06 0.14 0.09 0.10

20:3 isomer 0.23 0.22 0.19 0.20 0.17 0.17 0.23 0.22 0.25 0.22 0.24 0.22 0.25 0.33 0.11 0.10

20:3n-6c 1.31 1.24 1.16 1.22 1.07 1.08 1.19 1.32 1.24 1.26 1.22 1.26 1.30 1.41 0.38 0.49

20:3n-3 0.01 0.01 0.02 0.00 0.04 0.00 0.05 0.00 0.04 0.00 0.05 0.00 0.06 0.00 0.04 0.00

20:4n-6 21.20 21.86 20.27 21.83 21.49 23.01 19.86 21.68 20.01a 21.88 19.57a 21.88 19.23a 21.08 2.30 2.34

20:4n-3 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.02 0.00

20:5n-3 0.20 0.14 0.35a 0.13 0.36a 0.09 0.49a 0.14 0.46a 0.14 0.50a 0.14 0.59a 0.16 0.22 0.06

22:0 0.26 0.27 0.24 0.30 0.28 0.30 0.26 0.30 0.25 0.31 0.27 0.31 0.28 0.30 0.05 0.09

22:1n-9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

22:2n-6 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.02 0.01 0.00 0.01 0.02 0.02

23:0 0.25 0.25 0.27 0.29 0.29 0.26 0.26 0.29 0.26 0.27 0.31 0.27 0.27 0.27 0.06 0.08

22:4n-6 1.42 1.58 1.19 1.70 1.07a 1.71 1.02a 1.76 0.97a 1.95 0.86a 1.95 0.80a 1.99 0.51 0.71

22:5n-6 0.23 0.26 0.19 0.25 0.18 0.25 0.19 0.26 0.16 0.27 0.17 0.27 0.15 0.28 0.07 0.09

22:5n-3 1.99 1.65 2.37a 1.66 2.55a 1.61 3.02a 1.60 3.21a 1.65 3.45a 1.65 3.34a 1.58 0.70 0.32

24:0 0.28 0.29 0.29 0.33 0.31 0.39 0.29 0.32 0.29 0.33 0.29 0.33 0.31 0.33 0.05 0.12

22:6n-3 0.65 0.68 0.65 0.75 0.68 0.76 0.63 0.70 0.63 0.71 0.62 0.63 0.59 0.63 0.29 0.29

24:1n-9 0.54 0.56 0.56 0.66 0.63 0.62 0.55 0.61 0.53 0.60 0.54 0.55 0.55 0.50 0.13 0.21

Values represent relative % (n = 9)

Diet 9 time interactions were found as follows

18:3n-3, p \ 0.001; 20:5n-3, p \ 0.01; 22:4n-6, p \ 0.03; 22:5n-3, p \ 0.04
a Significantly different from SUN group at same time period, p \ 0.05; by student’s t test after repeated measures ANOVA
b Combined standard deviation among all sample times
c D8,11,14 isomer
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human recommendations from a 1999 National Institutes

of Health Workshop that diets contain no more than 6.7 g

of LA and 2.2 g of ALA per day yielding an LA/ALA ratio

of 3.0:1 [31] as well as those from the International Society

for the Study of Fatty Acids and Lipids in which diets

containing 2% of energy from LA and 0.7% energy from

ALA are noted resulting in an LA/ALA ratio of 2.9:1 [32].

Hence, the canine data presented here may provide a rea-

sonable model to study the effects of LA and ALA, per se

or in combination, with incremental amounts of EPA and/

or DHA for human lipid metabolism. Future investigations

of canine responses to n-3 fatty acids are thus warranted.

Table 3 Serum triacylglycerol fatty acid composition during the feeding period

FA Days FLX SDb SUN SDb

0 4 7 14 28 56 84

FLX SUN FLX SUN FLX SUN FLX SUN FLX SUN FLX SUN FLX SUN

14:0 1.07 0.98 1.02 1.26 0.97 0.97 1.04 1.13 1.19 1.17 0.98 1.40 1.29 1.60 0.31 0.63

14:1 0.44 0.27 0.51 0.30 0.60 0.31 0.50 0.30 0.48 0.34 0.46 0.21 0.56 0.20 0.49 0.29

15:0 0.23 0.21 0.23 0.24 0.24 0.25 0.22 0.22 0.24 0.23 0.23 0.24 0.23 0.30 0.06 0.05

16:0 19.03 18.89 17.10 17.86 15.94 17.02 17.63 16.84 16.90 18.03 16.80 18.41 16.71 19.03 2.13 2.33

16:1n-7 2.95 2.52 2.85 2.63 2.45 2.63 2.64 2.59 2.56 3.05 2.37 2.27 2.32 2.78 1.01 1.30

17:0 0.55 0.46 0.52 0.54 0.51 0.49 0.51 0.53 0.55 0.51 0.48 0.49 0.56 0.70 0.14 0.14

17:1n-7 0.31 0.22 0.27 0.25 0.23 0.21 0.28 0.21 0.24 0.22 0.26 0.20 0.26 0.32 0.06 0.12

18:0 6.20 6.63 6.52 6.71 6.62 7.05 6.56 5.90 6.56 5.38 6.08 6.20 6.57 6.70 1.72 2.16

18:1n-9 28.02 28.46 28.17 26.62 29.07 27.38 27.89 27.54 28.13 27.93 26.41 25.91 27.86 28.01 2.62 2.35

18:1n-7 4.29 3.61 3.90 4.04 3.73 3.93 3.75 4.06 3.86 4.30 3.51 3.54 3.51 4.30 0.64 0.78

18:2n-6 22.72 24.57 23.79 25.44 23.97 25.98 23.92 26.23 23.72 24.98 26.15 27.67 23.98 24.09 2.73 3.67

18:3n-6 0.60 0.55 0.51 0.70 0.58 0.64 0.53 0.75 0.57 0.75 0.57 0.69 0.50 0.49 0.28 0.29

18:3n-3 1.06 0.74 2.75a 0.62 2.90a 0.68 2.90a 0.62 2.72a 0.65 3.44a 0.74 3.36a 0.60 0.92 0.18

20:0 0.06 0.12 0.09 0.07 0.07 0.10 0.08 0.06 0.08 0.01 0.10 0.12 0.11 0.06 0.08 0.09

20:1n-9 0.37 0.31 0.38 0.39 0.34 0.44 0.38 0.41 0.41 0.33 0.38 0.39 0.41 0.45 0.11 0.16

20:2n-6 0.29 0.31 0.37 0.40 0.29 0.42 0.34 0.44 0.38 0.38 0.39 0.45 0.42 0.47 0.11 0.12

20:3n-9 0.63 0.55 0.51 0.64 0.52 0.54 0.45 0.75 0.54 0.73 0.45 0.61 0.51 0.72 0.38 0.48

20:3 isomer 0.07 0.07 0.04 0.01 0.03 0.00 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.05 0.08 0.06

20:3n-6c 0.57 0.58 0.54 0.63 0.59 0.66 0.50 0.72 0.53 0.64 0.53 0.64 0.51 0.59 0.13 0.20

20:3n-3 0.00 0.00 0.04 0.00 0.04 0.00 0.04 0.00 0.06 0.01 0.11 0.00 0.09 0.00 0.08 0.01

20:4n-6 4.46 4.90 3.90 5.46 4.25 5.64 3.80 5.35 3.77 4.91 4.13 4.70 3.36 3.44 1.97 2.02

20:4n-3 0.00 0.01 0.05 0.01 0.01 0.00 0.01 0.00 0.02 0.00 0.02 0.01 0.06 0.01 0.05 0.01

20:5 n-3 0.28 0.21 0.49a 0.21 0.53a 0.13 0.56a 0.19 0.60a 0.21 0.76a 0.23 0.76a 0.05 0.31 0.16

22:0 0.05 0.06 0.02 0.07 0.04 0.11 0.03 0.05 0.04 0.02 0.02 0.06 0.00 0.02 0.06 0.08

22:1n-9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00

22:2n-6 0.00 0.00 0.00 0.00 0.06 0.04 0.08 0.01 0.00 0.01 0.04 0.06 0.00 0.00 0.06 0.05

23:0 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01

22:4n-6 0.73 0.86 0.74 1.09 0.61 0.97 0.51 1.14 0.60 1.04 0.57 1.11 0.52 1.04 0.37 0.61

22:5n-6 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01

22:5n-3 0.60 0.47 0.93a 0.57 0.89a 0.49 1.08a 0.59 1.18a 0.52 1.38a 0.60 1.33a 0.43 0.35 0.26

24:0 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

22:6n-3 0.03 0.01 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.03 0.02

24:1n-9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Values represent relative % (n = 9)

Diet 9 time interactions were found as follows

18:3n-3, p \ 0.001; 20:5n-3, p \ 0.020; 22:5n-3, p \ 0.016
a Significantly different from SUN group at same time period, p \ 0.05
b Combined standard deviation among all sample times
c D8,11,14 isomer
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As in the other lipid fractions, the observed changes in

the CE fraction appeared to achieve a steady state after

approximately 28 days of supplementation. It is of interest,

however, that while there were significant increases of EPA

in the flaxseed group, essentially no DPAn-3 or DHA was

found in the serum CE fraction of these dogs. By contrast,

in an earlier study, when we fed fish oil to dogs, we also

observed that DPAn-3 was not present in the CE fraction.

DHA was found, but only to a small extent relative to the

PL and TG fractions [33]. Previous studies investigating

lecithin:cholesterol acyl transferase (LCAT) in various

species have also reported CE-DPAn-3 to be absent in

Table 4 Serum cholesteryl ester fatty acid composition during the feeding period

FA Days FLX SDb SUN SDb

0 4 7 14 28 56 84

FLX SUN FLX SUN FLX SUN FLX SUN FLX SUN FLX SUN FLX SUN

14:0 0.31 0.32 0.29 0.28 0.28 0.26 0.29 0.27 0.30 0.27 0.30 0.28 0.29 0.31 0.06 0.08

14:1 0.29 0.25 0.22 0.22 0.22 0.15 0.21 0.18 0.16 0.12 0.20 0.16 0.20 0.14 0.09 0.10

15:0 0.11 0.10 0.10 0.10 0.11 0.11 0.09 0.10 0.10 0.10 0.11 0.11 0.10 0.11 0.02 0.02

16:0 9.34 9.43 8.70 8.55 8.70 8.58 8.44 8.34 8.31 7.93 8.39 8.20 8.05 7.76 1.11 1.36

16:1n-7 1.37 1.36 1.22 1.21 1.24 1.28 1.13 1.18 1.07 1.11 1.03 0.98 1.00 0.99 0.37 0.33

17:0 0.12 0.10 0.12 0.12 0.12 0.13 0.12 0.12 0.10 0.12 0.12 0.12 0.12 0.13 0.03 0.03

17:1n-7 0.13 0.12 0.09 0.15 0.12 0.13 0.13 0.15 0.09 0.15 0.11 0.14 0.12 0.16 0.06 0.04

18:0 1.70 1.71 1.67 1.57 1.65 1.73 1.55 1.60 1.55 1.47 1.52 1.54 1.52 1.57 0.23 0.26

18:1n-9 12.20 12.31 11.05 10.74 11.05 10.65 10.91 11.10 10.59 10.16 10.62 9.76 10.25 10.39 1.23 1.87

18:1n-7 3.19 3.21 3.01 3.02 3.16 3.21 2.97 3.01 2.90 2.77 2.84 2.77 2.70 2.49 0.75 0.61

18:2n-6 54.19 52.73 54.99 54.73 53.68 52.77 56.15 55.31 57.08 56.18 57.60 56.34 57.48 56.36 3.42 6.09

18:3n-6 0.39 0.35 0.36 0.39 0.31 0.37 0.35 0.44 0.36 0.45 0.33 0.41 0.34 0.41 0.07 0.11

18:3n-3 0.13 0.08 0.46a 0.10 0.51a 0.07 0.64a 0.12 0.56a 0.10 0.61a 0.11 0.68a 0.15 0.19 0.06

20:0 0.02 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01

20:1n-9 0.00 0.00 0.01 0.04 0.01 0.00 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.00 0.02 0.02

20:2n-6 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

20:3n-9 0.04 0.04 0.03 0.02 0.00 0.01 0.02 0.02 0.02 0.03 0.01 0.02 0.01 0.02 0.05 0.06

20:3 isomer 0.05 0.05 0.05 0.06 0.06 0.06 0.03 0.04 0.06 0.06 0.06 0.07 0.11 0.12 0.09 0.06

20:3n-6c 0.36 0.36 0.37 0.36 0.34 0.36 0.33 0.37 0.36 0.39 0.34 0.38 0.37 0.37 0.09 0.14

20:3n-3 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.05 0.00 0.04

20:4n-6 13.38 15.02 15.37 16.39 15.73 17.70 14.33 16.01 14.41a 16.88 13.93 16.07 14.37 15.79 2.44 2.82

20:4 n3 0.05 0.02 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.01

20:5n-3 0.10 0.10 0.23 0.06 0.25a 0.05 0.40a 0.09 0.37a 0.10 0.39a 0.10 0.51a 0.17 0.20 0.09

22:0 0.26 0.18 0.10 0.15 0.27 0.22 0.23 0.14 0.23 0.19 0.17 0.14 0.24 0.24 0.12 0.12

22:1n-9 0.02 – 0.00 – 0.00 0.04 0.00 0.00 0.00 – 0.00 – 0.00 0.00 0.01 0.04

22:2n-6 0.02 – 0.00 – 0.00 0.04 0.00 0.04 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.03

23:0 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

22:4n-6 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01

22:5n-6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

22:5n-3 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.04 0.00 0.03 0.02

24:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

22:6n-3 0.00 0.00 0.00 0.04 0.03 0.00 0.02 0.00 0.02 0.00 0.00 0.01 0.00 0.05 0.00 0.00

24:1n-9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Values represent relative % (n = 9)

Diet 9 time interactions were found as follows

18:3n-3, p \ 0.001; 20:5n-3, p \ 0.0013
a Significantly different from SUN group at same time period, p \ 0.05
b Combined standard deviation among all sample times
c D8,11,14 isomer
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canines [34, 35]. Taken together, these findings indicate

that this fatty acid, and perhaps 22 carbon fatty acids in

general, may not be preferred substrates for cholesterol

esterification via reverse cholesterol transport as mediated

by the LCAT enzyme. Also because no appreciable accu-

mulation of DHA occurred in the CE fraction with flaxseed

feeding, this fatty acid is apparently seen only in the

presence of a sufficient preformed dietary source. Given

that DHA in human plasma CE is present in low concen-

trations as well, the importance of this finding in the canine

model is that CE-DHA may serve as a potential biomarker

of dietary DHA sufficiency in both dogs and humans and

should be investigated further.

It is particularly noteworthy that the fatty acid profiles in

the present work show differential metabolic enrichment of

lipid fractions with the derived n-3 LCPUFA after ALA

feeding in the canine. Enrichment of post-absorptive serum

PL and TG with DPAn-3 suggests the possibility of

transport and delivery of this fatty acid into tissues without

its return via reverse cholesterol transport in the CE frac-

tion. We hypothesize that while conversion of DPAn-3 to

DHA is slow in dogs, humans, and other species, one-way

transport of DPAn-3 via the circulation may serve to

physiologically conserve this fatty acid as a substrate for

DHA synthesis in tissues such as brain and retina and

especially when dietary sources of DHA are scarce. Fur-

thermore, because DPAn-3 is absent in serum CE, such

transport may be unidirectional.

Observations relating to the metabolism of n-6 fatty

acids in dogs were also made in this study. The significant

increase of PL–LA in the FLX group, even at lower total

LA dietary content, may be the result of a reported pref-

erence of delta-6 desaturase for ALA versus LA [18]. As

such, competition between these two fatty acids for con-

version to longer chain derivatives may result in LA

accumulation providing a sparing effect when ALA is fed.

Alternatively, this finding may be a consequence of the

reduction of AA in this fraction due not only to n-3 poly-

unsaturated fatty acid incorporation but also some com-

petition between LA and AA in the process of phospholipid

esterification. In any case, this accumulation of LA in fur-

bearing animals such as dogs may subsequently participate

in skin and hair coat improvements previously observed in

canine species fed polyunsaturated fatty acid supplements

[36, 37]. Finally, decreased amounts of 22:4n-6 seen with

flaxseed supplementation resulted in a statistically signifi-

cant difference as early as 7 days which remained

decreased thereafter. By contrast, a nearly constant amount

of PL–AA was seen in the SUN group providing substrate

for chain elongation to 22:4n-6. Competition between n-3

and n-6 fatty acids for incorporation into the serum PL pool

may have made more AA available for 22:4n-6 synthesis

thereby resulting in the modest increase in this fatty acid

species. Such AA chain elongation may, in part, help

minimize the accumulation of excessive amounts of AA in

cell membranes for eicosanoid synthesis when high n-6

diets are fed.

Overall, the results of this study have demonstrated that

aspects of canine fatty acid metabolism are more similar to

humans than rodent species and thus offer a useful model

for investigations in several areas including not only car-

diac arrhythmia studies but also spontaneous models of

Fig. 1 Time course of the

accumulation of selected n-3

and n-6 fatty acids in the serum

phospholipid fractions of dogs

fed diets supplemented with

whole ground sunflower and

whole ground flax seed. Filled
circles represent values from

dogs fed the flax seed

supplement; open triangles
correspond to those animals fed

the sunflower seed supplement.

Fatty acid species are as

indicated on each plot; values

are relative % ± SD; letters a
and b each indicate a

statistically significant

difference between diet groups

for the same fatty acid at time

points indicated, p \ 0.05
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carcinogenesis and cognitive decline which develop more

rapidly due to shorter canine life spans. One direct finding

of relevance to human health from this study is the

potential for CE-DHA as a biomarker of DHA status for

human health. Furthermore, establishment of a metabolic

steady state with respect to serum fatty acid accumulation

appeared as early as 28 days Knowledge of these phe-

nomena permits future investigations of the canine model,

where appropriate, to take advantage of shorter term

feeding studies in which a metabolic steady state is desired

given the expense and sometimes ethical concerns with this

species.
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Abstract Based on mechanistic and epidemiological

data, we raise the question of the relationship between

qualitative dietary polyunsaturated fatty acids (PUFA)

changes and increase in obesity. In this double-blind trial,

we studied the effects on 160 overweight volunteers (body

mass index, BMI[30) of a 90 days experimental diet rich

principally in animal fat with a low PUFA/saturated fatty

acid (SFA) ratio but a low n-6/n-3 ratio, using animal

products obtained from linseed-fed animals. The control

diet provided less animal fat, a higher PUFA/SFA ratio and

a higher n-6/n-3 ratio. Both diets excluded seafood. In the

experimental group, we observed a significant increase in

red blood cell (RBC) a-linolenic acid content and a slight

increase in EPA and DHA derivatives, while in the control

group we observed a significant reduction in EPA and

DHA content. Between groups now, the difference in the

three n-3 fatty acids changes in RBC was significant. This

demonstrates that plasma EPA and DHA levels can be

maintained without fish if products from linseed-fed ani-

mals are used. During the diets, we noted a significant

reduction in weight, BMI and hip circumference within

both groups of volunteers. However, no significant differ-

ence was observed between the control group and the

experimental group. Interestingly, 150 days after the end of

the trial (i.e., day 240), we noted a significant weight gain

in the control group, whereas no significant weight gain

was observed in the experimental group. This was also

observed for the BMI and hip circumference. Moreover,

significant differences in BMI (P \ 0.05) and weight

(P = 0.05) appeared between the two groups, showing in

both cases a smaller increase in the experimental group.

During the 90 days trial, we did not observe any differ-

ences between groups in terms of total cholesterol, HDL

cholesterol, LDL cholesterol or triglycerides, suggesting

that the saturate content and the P/S ratio are not as

important as the n-6 and n-3 fatty acid composition.
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Introduction

In only a few decades, obesity has become a major health

concern, which also increases the risk of type 2 diabetes
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and cardiovascular disease. Obesity is a multifactorial

disease. Excessive adipose tissue development is primarily

due to an imbalance between caloric intake and caloric

expenditure, this imbalance being related to changes in

dietary habits and to more sedentary lifestyles. However,

in addition to the energy imbalance, different aspects of

lipid metabolism such as lipid synthesis, transport, storage

and catabolism are also implied in obesity development.

Amongst nutrients involved in this metabolism, all fatty

acids play obviously a major role from a quantitative

point of view, but polyunsaturated fatty acids (PUFA)

may also play a qualitative role, which is less well

established. Indeed, recent data show that PUFA from the

n-6 or n-3 series do not play identical roles. While n-6

PUFA are now well known as activators of adipose tissue

development [1] and their dietary excess is suspected to

favor childhood adiposity [2] and adult adiposity [3–5],

n-3 PUFA seem to play a more favorable role, acting

against different mechanisms leading to obesity. Thus in

humans, n-3 PUFA seem somewhat to limit metabolic

syndrome and type 2 diabetes [6–8]. A negative correla-

tion has been described between abdominal obesity and

n-3 PUFA content of adipose tissue [9]. Moreover, n-3

fatty acid intake limits fat accumulation in mice [10] and

rats [11].

The fatty acid (FA) composition of the diet has chan-

ged significantly since the 1960s, when obesity began to

increase. The first change was the increase in the PUFA/

(saturated fatty acid) SFA ratio, due to the increase in

consumption of vegetable oils rich in PUFA rather than

animal fat which are richer in SFA. The second change

was the subsequent increase in n-6 PUFA content, while

n-3 PUFA content decreased or remained constant. This is

due to the very high levels of n-6 PUFA in the most

common vegetable oils (soybean, corn, sunflower, etc.)

used in human nutrition as well as in animal feeds.

Consumption data show that the linoleic acid (LNA) to

a-linolenic acid (ALA) ratio increased by approximately

three times to reach a range of 12–25 in most of the

western diets during this period [12, 13]. These dietary

ratio values are consistent with other values in humans,

measured in breast milk [14, 15] and in subcutaneous

adipose tissue [16, 17].

Thus, based on both mechanistic and epidemiological

data, we raise the question of the relationship between

these qualitative changes in dietary PUFA and increase in

obesity, and more precisely when the increase in the die-

tary PUFA/SFA ratio is always associated with a large

increase in the dietary n-6/n-3 FA ratio.

In this double-blind trial, we studied the effects on

volunteers of a 90 days experimental diet rich in animal fat

with both low PUFA/SFA and low n-6/n-3 ratios, using

principally animal products obtained from linseed-fed

animals. The control diet provided less animal fat, a higher

value for the PUFA/SFA ratio and a higher value for the

n-6/n-3 ratio. The volunteers were overweight or obese

(body mass index, BMI & 31). The main results were: (1)

Plasma EPA and DHA levels can be maintained without

fish, if using products from linseed-fed terrestrial animals.

(2) During the diets, we noted a significant reduction in

weight, BMI, and hip circumference within both groups of

volunteers, but no significant difference was observed

between the control group and the experimental group.

However, the experimental diet limited weight recovery

after the end of the trial. (3) No comparative deleterious

effect (on plasma lipid parameters) was observed between

diets, suggesting that the n-6/n-3 ratio is as important as the

SFA level.

Materials and Methods

Volunteers

One hundred and sixty volunteers with metabolic syn-

drome (78 men and 82 post-menopausal women) between

18 and 65 years old were selected from those responding

to local press recruitment (293 volunteers were evaluated).

Inclusion criteria were waist circumference C80 cm for

women and C94 cm for men, plus at least two other

risk factors: triglycerides (TG) C1.5 g/l; fasting plasma

glucose (FPG) C1.0 g/l; HDL cholesterol B0.4 g/l for

men and B0.5 g/l for women; systolic blood pressure

(BP) C130 mmHg; diastolic BP C85 mmHg or treatment

for hypertension. The average body weight, BMI and hip

circumference were respectively, 88.5 ± 15.6 kg, 31.5 ±

4.3 kg/m2 and 109 ± 7.6 cm. Exclusion criteria included

diabetes, any treatment for hypercholesterolemia and any

disease judged incompatible with the study by the inves-

tigator. During a visit, the purpose and method of the

study was explained to the selected volunteers; written

informed consent was obtained from those willing to

participate and a prescription was given. Inclusion and

exclusion criteria were checked during a medical visit.

The proposed diets were then explained to the volunteers

and some menu examples were given to help them to

adhere to the nutritional advice given during an individual

consultation with a dietitian. The diets were given to

volunteers from day 0 to day 90. At day (D) 90, 137

volunteers remained in the trial: 72 in the experimental

group and 65 in the control group. The others decided to

stop the trial between D0 and D90. All statistical analyses

at D90 were carried out with these 137 volunteers. At day

240, 98 volunteers (72%) came back for the last anthro-

pometric measurements: 50 in the experimental group

(69%) and 48 in the control group (74%).
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Study Design

Subjects were randomly assigned to one of two different

diets. As regards animal products, the experimental diet

included products with a high level of n-3 originating from

linseed-fed animals while the control group diet included

standard animal products. The feeds of animals that sup-

plied the experimental products (dairy products, meats and

eggs) contained an average of 5% of extruded linseed and

are described in details in other publications [18]. As

regards plant products, the experimental group volunteers

received 5 g/day of extruded linseed flour, while the con-

trol group volunteers received the same amount of extruded

wheat/soybean (90/10) flour. Moreover, the experimental

group’s bread included 4% extruded linseed flour. In the

experimental diet, flour plus bread represent 40% of the

total ALA intake while animal products provide long-chain

derivatives (EPA plus DHA), and account for 60% of ALA.

The control group volunteers received margarine with a

high n-6 content (rich in sunflower oil) instead of the butter

that the experimental group received.

The macronutrient content of the two diets was similar.

The overall composition and energy intake of the two diets

did not differ. The proposed energy intake was 1,667 kcal

for women and 1,931 kcal for men. Subjects were asked

not to consume any fish or seafood products or products

containing more than 5% fat. Products containing linseed

or products with a high n-3 content were also forbidden.

The only authorized oil was olive oil (10 g a day). Male

and female diets only differed by the amount of carbohy-

drates and meat (?50 g and ?40 g for men, respectively).

The fat spread was butter for the experimental group and

margarine for the control group, which mainly explains the

difference in the proportion of lipids of animal origin

between the two diets. The recommended weekly intake of

eggs was ten. Sugar (sucrose) was requested to be reduced

or excluded from the diet in order to reduce total calorie

intake and reduce weight.

Subjects undertook an adjustment period of 2 weeks

during which they had to follow the prescribed diet, con-

suming their own usual products (usual meats, eggs, dairy

products, and fat spread). Afterward, at day 0, experimental

or control products were provided for the whole family.

They were delivered every week to a local shop where

subjects collected them, presenting their volunteer card.

Compliance was verified by checking the collection of the

products with the help of local shop managers. Each

member of the family was given 1,050 ml of milk, 10 eggs,

250 g of fat spread, 210 g of hard cheese, 7 slices of ham,

50 g of diced bacon fat, 2 sausages, 2 loaves of bread, 2

pork chops plus occasionally beef, chicken or veal. Small

quantity adaptations were necessary according to the

number of persons in the family and the packaging size.

Flour (linseed or wheat/soybean) were provided for the

volunteers only and not for the whole family.

During the experimental period, from D0 to D90, the

volunteers met a dietitian to receive nutritional advice at

least once a month. Compliance with the diet was evalu-

ated by weekly recording of consumption. From D90 to

D240, the volunteers returned to a free diet with the rein-

troduction of fish and previously forbidden products and

had no visits with any member of the dietitian’s team.

Anthropometry and Assays

The following anthropometric and plasma lipids parame-

ters were measured at the hospital at D0 and D90: body

weight and BMI were measured by TANITA TBF 300

MA, and hip circumferences were measured with an

automatic rubber band. Blood lipids (total cholesterol,

HDL cholesterol and triglycerides) were analyzed with an

enzymatic technique using Advia1650-Siemens, and LDL

cholesterol was calculated by the Friedwald formula [19].

After the end of the trial (D90), volunteers were requested

to come back 5 months later (D240) for additional

anthropometric measurements only.

Lipid Extraction and Fatty Acid (FA) Analysis

RBC lipids were extracted from 0.5 ml of samples with a

mixture of hexane/isopropanol (3:2 v/v), after acidification

with 1 ml HCl 3 M [20]. Total lipid extracts were saponified

for 30 min at 70 �C with 1 ml of 0.5 M NaOH in methanol

and methylated with 1 ml BF3 (14% w/v in methanol) for

15 min at 70 �C. Fatty acid methyl esters were extracted

twice with pentane and analyzed by GC using an Agilent

Technologies 6890N (Bios Analytic, Toulouse, France) with

a split injector (20:1) at 250 �C and a bonded silica capillary

column (BPX 70, 30 m 9 0.25 mm; SGE, Villeneuve-St

Georges, France) with a polar stationary phase of 70%

cyanopropyl polysilphenylene-siloxane (0.25 lm film

thickness). Helium was used as a carrier gas (average

velocity 24 cm/s). The column temperature program started

at 150 �C, increased by 2 �C/min to 220 �C and held at

220 �C for 10 min. The flame ionization detector tempera-

ture was 250 �C. Identification of FA methyl ester was based

on retention times obtained for FA methyl esters prepared

from FA standards.

Statistical Analysis

Analyses of covariance, with terms for the treatment group

and the baseline value were used to compare least square

means and to test for differences in baseline to endpoint

changes between treatments. Paired t-tests are also per-

formed within each treatment group. Different analyses
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were performed using stratifications by sex and the value

of each metabolic syndrome risk factor. All analyses

were conducted using SAS� version 8.2. The study was

designed as an intend-to-treat analysis. The difference was

considered significant when P \ 0.05 and a tendency when

0.05 \ P \ 0.10.

Results

Effects of Changes in Animal Feeding on Animal

Products Composition and on FA Composition

of Volunteers Diets

The main lipid sources used in the volunteers’ diets are

shown in Table 1. In the two diets, lipids provided 33% of

the total caloric intake. Animal products used in the

experimental diet originated from animals fed 5% extru-

ded linseed, which provides C18:3n-3 (ALA) to the ani-

mals. In the control diet, animal products came from

standard French breeding farms. This variable fraction

represents 77% of the volunteers’ lipid intake. The diets

given to the volunteers are described in Tables 2 and 3.

The real consumption of each volunteer is not known very

precisely as meals were taken at home. The two diets were

iso-caloric and iso-lipidic. In addition to the animal lipids

presented above, margarine was used in the control diet.

This margarine is a commercial product, the composition

of which is close to the composition of French lipid

intakes (Table 1). The experimental diet was rich in

animal lipids (76% of total lipids). It provided high levels

of n-3 PUFA, (not only ALA but also long-chain deriva-

tives EPA and DHA) and low levels of n-6 PUFA. 40% of

ALA is provided by linseed flour plus bread, in the

experimental diet. Compared with the experimental diet,

the control diet was richer in plant lipids (animal fats

provided only 49% of lipids) and was richer in total PUFA

(17.3 vs. 9.1 g/day in the experimental diet). Moreover,

LNA content was much higher in the control diet (16.0 vs.

5.5 g/day in the experimental diet). As a result, the fol-

lowing ratios were very different between the two diets:

PUFA/SFA values were 0.7 in the control diet versus 0.3

in the experimental diet, and C18:2n-6/C18:3n-3 values

were 22.9 in the control diet versus 2.3 in the experi-

mental diet.

Change in Volunteers’ RBC FA Composition

The two diets produced clear changes in the content and

ratios of numerous FAs in the RBC (Table 4). For n-3

PUFA, we observed in the volunteers receiving the

experimental diet (animal products from linseed-fed ani-

mals plus a small amount of linseed flour and bread) a

significant increase in ALA content between day 0 and day

90 and a significant increase in the total n-3 fatty acids. In

the control group of volunteers, no effect was observed as

regards ALA content, but the EPA and DHA content and

total n-3 fatty acids decreased significantly. Between

groups, the differences in the ALA, EPA and DHA changes

(D90-D0) were significant.

Table 1 Fatty acid (FA) composition (% of total FA) of main lipid sources given to volunteers

FA composition

(% of total FA)

Standard

Margarinea
Standard dairy

productsb
Dairy products from

‘‘linseed industry’’b
Standard

eggs

Eggs from

‘‘linseed

industry’’

Standard

porkc
Pork from

‘‘linseed

industry’’c

C14:0 1.7 11.6 ± 0.1 10.4 ± 0.3 0.4 ± 0.0 0.3 ± 0.0 1.3 ± 0.1 1.3 ± 0.2

C16:0 9.7 33.3 ± 0.9 26.0 ± 1.5 25.3 ± 0.8 21.0 ± 0.8 24.9 ± 1.0 24.6 ± 1.2

C18:0 8.2 8.7 ± 0.3 11.0 ± 0.4 7.7 ± 0.2 7.8 ± 0.4 13.5 ± 1.4 14.3 ± 1.3

C18:1n-9 21.1 17.4 ± 0.5 20.4 ± 0.6 46.7 ± 2.7 45.9 ± 2.5 43.3 ± 3.1 39.7 ± 3.1

C18:2n-6 51.5 1.5 ± 0.1 1.8 ± 0.0 12.0 ± 2.6 12.7 ± 1.3 10.0 ± 1.9 10.7 ± 2.1

C20:4n-6 0.1 ± 0.0 0.1 ± 0.0 1.5 ± 0.2 0.8 ± 0.1 1.1 ± 0.9 1.5 ± 1.2
P

n-6 PUFA 51.5 1.6 ± 0.1 2.0 ± 0.1 13.6 ± 2.6 13.6 ± 1.4 11.5 ± 2.6 12.6 ± 3.0

C18:3n-3 0.2 0.3 ± 0.0 0.9 ± 0.3 0.5 ± 0.2 6.5 ± 0.8 0.6 ± 0.1 2.3 ± 0.9

C20:5n-3 0.2 ± 0.0 0.1 ± 0.1 0.3 ± 0.3

C22:5n-3 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.2 0.6 ± 0.4

C22:6n-3 0.7 ± 0.1 1.3 ± 0.2 0.1 ± 0.1 0.2 ± 0.1
P

n-3 PUFA 0.2 0.4 ± 0.1 1.2 ± 0.4 1.5 ± 0.3 8.2 ± 0.7 1.2 ± 0.4 3.5 ± 0.9

C18:2n-6/C18:3n-3 257.5 5.2 ± 1.1 2.1 ± 0.6 24.4 ± 4.9 2.0 ± 0.1 16.5 ± 4.5 5.6 ± 2.9

a Margarine was chosen because of its high similarity with the mean FA acid profile of vegetable oils consumed in France
b Lipids from butter, milk and cheeses
c Lipids from cooked meats (bacon pieces, sausage and ham) and fresh meat
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The n-6 PUFA content increased between D0 and D90

in the RBC of the control group, the increase being

significant for LNA and for total n-6 fatty acids, but not

significant for arachidonic acid (C20:4n-6). In the experi-

mental group, we did not observe any significant change in

the n-6 fatty acid content of the RBC. Between groups, the

difference in the LNA and total n-6 fatty acid changes

(D90–D0) was significant.

We noted also that the LNA/ALA ratio increased sig-

nificantly in the control group and decreased significantly

in the experimental group. The difference in changes

between groups was also significant. This was equally true

for the Rn-6/Rn-3 ratio.

More generally, the total PUFA content increased sig-

nificantly in the control group and did not change in the

experimental group. Furthermore, an increase in stearic

acid content was noted in the experimental group, whereas

oleic acid content was reduced in both groups.

Changes in Anthropometric Parameters

From D0 to D90, i.e., over the period of the diets, we noted

a significant reduction in weight, BMI, and hip circum-

ference in both groups of volunteers (Table 5). However,

no significant difference was observed between the control

group and the experimental group. Interestingly, from D90

to D240, i.e., after the end of the trial, we noted a signif-

icant weight gain in the control group, whereas no signif-

icant weight gain was observed in the experimental group.

This was equally true for the BMI and hip circumference,

which both increased solely in the control group. Between

the two groups, from D90 to D240 we showed a significant

difference for the BMI (P \ 0.05), and a difference at the

limit of significance for weight (P \ 0.06), showing in both

cases a smaller increase in the experimental group.

Changes in Plasma Lipid Parameters

These parameters were studied at D0 and D90. In Table 6,

we first observed within each of the two groups a general

deterioration in all the parameters, with an increase in LDL

cholesterol in both groups and an increase in TG in the

experimental group. However, the main result was that no

significant difference between the groups was noted in total

cholesterol, HDL cholesterol, LDL cholesterol or triglyc-

erides over the period from D0 to D90. These parameters

were not measured at D240. This is an interesting and

novel result when considering the dietary characteristics

Table 2 Estimation of the consumption of products and fatty acids (g/volunteer/day) by volunteers

Control group Experimental group

Products Fatty acids Products Fatty acids

Margarine 25 20.0 0 0.0

Butter* 0 0.0 25 20.0

Semi-skimmed milk* 155 2.6 155 2.6

Cheese* 32 9.1 32 9.1

Eggs* 82 9.1 82 8.2

Cooked meatsa* 9.9 9.9

Pork* 1.2 1.2

Bread* 100 0.5 100 1.0

Linseed meal 0 0.0 10 1.4

Soya/wheatmealb 10 0.3 0 0.0

Olive oil 10 9.4 10 9.4

Other animal lipidsc 1.6 1.6

Other vegetable oilsd 4.8 4.8

Fishe 0 0.0 0 0.0

Total 68.5 69.2

Animal lipids (% of total lipids) 49 76

a Bacon pieces, sausage and ham
b Wheatmeal (90%) and soybean meal (10%)
c Beef, lamb, chicken (no qualitative difference between both groups)
d Fatty acids from industrial products, starchy vegetables and fruits (no qualitative difference between both groups)
e Consumption of fish and seafood products was prohibited during the experiment

* Products in the standard group were standard products, while products in the experimental group came from (1) animals (beef, chicken and

pork) fed a linseed-enriched diet (5% of cooked linseed) or (2) linseed-enriched bread (5% of cooked linseed)
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other than the n-3 fatty acids. Indeed, the high level of SFA

(44% fatty acid = 14.6% energy) in the experimental diet

did not lead to any deleterious effect on plasma lipid

parameters, as compared with the control diet (35% fatty

acid = 12% energy). Moreover, the experimental diet was

also low in n-6 fatty acids (8.2 vs. 23.6% fatty acid), low in

total PUFA (13.1 vs. 25.2% fatty acid) and none of these

characteristics caused any deleterious effect on the plasma

lipid parameters.

Discussion

The fatty acid content of RBC is considered to be a tissue

marker for dietary fatty acid composition [21, 22]. The first

result of this study is the increase in the ALA content of

RBC in the experimental group, whereas it did not vary in

the control group. This increase in ALA is mainly due to

the dietary animal products obtained from linseed-fed

animals but also from linseed flour and bread included in

the experimental diet. All together the ALA supply was

about 2.4 g/day, which is a little higher than the French

recommended intake [23]. We noted in the control group

that ALA intake corresponded to the French average con-

sumption [13, 17] and that this intake was sufficient to

maintain its levels in the RBC during the study. More

interesting is the effect of the diet on EPA and DHA

content in the RBC. These contents decreased significantly

Table 3 Estimation of the mean fatty acid consumption by volun-

teers (g/volunteer/day)

Control group

(standard

products)

Experimental

group (products

from ‘‘linseed

industry’’)

Total FA 68.5 69.2

C4 to C12 2.8 4.3

C14:0 1.6 3.4

C16:0 12.9 14.8

C18:0 5.5 6.4
P

Saturated FA (SFA) 24.3 30.9

C16:1n-7 0.6 0.7

C18:1n-9 cis 24.4 25.0

Others C18:1 (cis/trans) 0.2 1.9
P

Monounsaturated FA (MUFA) 26.9 29.1

C18:2n-6 16.0 5.5

C20:4n-6 0.21 0.17
P

n-6 PUFA 16.2 5.7

C18:3n-3 0.7 2.4

C20:5n-3 0.01 0.07

C22:5n-3 0.03 0.07

C22:6n-3 0.07 0.13
P

n-3 PUFA 0.8 2.7
P

Polyunsaturated FA (PUFA) 17.3 9.1

PUFA/SFA 0.7 0.3

C18:2n-6/C18:3n-3 22.9 2.3

Table 4 Red blood cell fatty acid composition in volunteers (% of total FA)

Control group Experimental group

Day 0 Day 90 Day 0 Day 90

C16:0 20.2 ± 1.4 20.0 ± 1.8 20.0 ± 1.6 20.3 ± 1.7

C18:0 10.5 ± 2.9 11.5 ± 3.5 10.5 ± 3.4 12.1 ± 3.5**
P

Saturated FA (SFA) 32.5 ± 2.9 33.2 ± 4.1 32.2 ± 3.7 34.2 ± 4.0**

C18:1n-9 23.5 ± 2.55 21.0 ± 4.3*** 22.8 ± 2.8 21.8 ± 3.3*
P

Monounsaturated FA (MUFA) 29.7 ± 3.2 25.9 ± 4.4*** ## 28.5 ± 3.5 27.1 ± 3.8*

C18:2n-6 20.9 ± 4.0 24.0 ± 5.5*** ### 22.2 ± 5.0 20.6 ± 5.2

C20:4n-6 8.9 ± 2.1 9.5 ± 2.8 9.0 ± 2.2 9.4 ± 2.4
P

n-6 PUFA 32.7 ± 3.3 36.5 ± 5.1*** ### 34.1 ± 3.7 32.9 ± 4.3

C18:3n-3 0.43 ± 0.2 0.46 ± 0.7 # 0.42 ± 0.1 0.68 ± 0.4***

C20:5n-3 0.62 ± 0.2 0.40 ± 0.2*** ### 0.73 ± 0.3 0.77 ± 0.3

C22:6n-3 2.6 ± 0.8 2.3 ± 0.8* # 2.6 ± 0.8 2.7 ± 0.9
P

n-3 PUFA 4.6 ± 1.2 4.0 ± 0.9*** 4.7 ± 1.2 5.3 ± 1.3**

C18:2n-6/C18:3n-3 55.4 ± 19.9 77.0 ± 28.7*** ### 58.0 ± 19.8 35.6 ± 14.1***
P

n-6 PUFA/
P

n-3 PUFA 7.6 ± 2.0 9.8 ± 3.6*** ### 7.6 ± 2.1 6.6 ± 2.0**

Significant intra-group difference: P \ 0.05 (*), P \ 0.01 (**), P \ 0.001 (***)

Significant inter-group difference: P \ 0.05 (#), P \ 0.01 (##), P \ 0.001 (###)
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in the control group, whereas they were maintained in the

experimental group. Maintaining the EPA and DHA levels

in the RBC in the experimental group, without consuming

fish and other seafood during the trial, constitutes the major

result of this study. This demonstrate the efficiency of the

terrestrial animal vector for providing EPA and DHA to

humans, when the animals receive small amounts of the

precursor ALA alone (linseed-fed animals). This can be

mainly explained by the direct intake of EPA ? DHA

contained in the animal products of the experimental diet

(Table 3), since these derivatives are synthesized from

ALA by the linseed-fed animals during their growth. In

addition, it is likely that low conversion of ALA to

EPA ? DHA also took place in the volunteers during the

trial, but conversion in humans is known to be very low to

EPA, and extremely low (less than 0.5% ALA) to DHA

[24](for a review on ALA conversion and supplementa-

tion). Moreover, for these reasons, ALA provided by flour

and bread in the experimental diet, could account only

modestly for EPA synthesis and not for DHA synthesis, in

volunteers.

Before the trial, the volunteers consumed a varied diet

including fish and other seafood, and were recruited in a

marine area (large fishing harbor) where a high con-

sumption of n-3 fatty acids from fish and other seafood

was described in a previous study [25]. Although fish and

other seafood remain the main source of n-3 derivatives

(EPA ? DHA) for the population, the supplies of fish are

limited whereas people have been encouraged to increase

their intake [26]. We show here that improving the feeds

of terrestrial animals by incorporating linseed is quanti-

tatively capable of maintaining the EPA and DHA levels

in the RBC of a population. In an earlier study, only EPA

was increased by a similar experimental diet [18], but this

previous study was performed with healthy volunteers

exhibiting a high level of DHA in the RBC (4.8%),

whereas the present study was performed with obese

subjects having only 2.6% DHA in the RBC. This low

level of DHA observed here also suggests a low DHA

consumption by obese volunteers or a reduced conversion

of a-linolenic precursor or even a higher catabolism

(b-oxidation) of this fatty acid, and raises the question of

larger requirement of n-3 to maintain tissues in obese.

Finally, we showed here a decrease in EPA and DHA

derivatives in the control group, suggesting (at least in the

absence of fish consumption) that the average ALA

intake in France is not sufficient to maintain correct

EPA ? DHA levels by ALA conversion alone, especially

with a high dietary LNA/ALA ratio .

As regards n-6 fatty acids, we observed an increase in

LNA content in the RBC of the control group, which

reflects the control diet, characterized by standard animal

products and sunflower-margarine. This increase inside the

control group explains the significant difference observed

for LNA between the two groups, since no significant

change in LNA content was observed inside the experi-

mental group. Although the dietary LNA content was three

times lower in the experimental group than in the control

group, it was sufficient to maintain the LNA and arachi-

donic acid levels in the RBC.

Table 5 Change in anthropometric parameters in volunteers

Control group Experimental group

Day 90–Day 0 Day 240–Day 90 Day 90–Day 0 Day 240–Day 90

Weight (kg) -3.5 ± 3.0* ?1.7 ± 2.6** -2.9 ± 2.6* ?0.4 ± 3.0�

BMI (kg/m2) -1.3 ± 1.0* ?0.6 ± 0.9** -1.0 ± 0.9* ?0.1 ± 1.1#

Hip circumference (cm) -2.5 ± 3.4* ?0.9 ± 2.7* -2.0 ± 2.6* 0 ± 2.8

Significant intra-group difference: P \ 0.05 (*), P \ 0.01 (**)

Significant inter-group difference: P\ 0.06 (�), P \ 0.05 (#)

Table 6 Plasma lipid parameters (mmol/l) in volunteers

Control group Experimental group

Day 0 Day 90 Day 0 Day 90

Triglycerides 1.44 ± 0.59 1.48 ± 0.92 1.46 ± 0.76 1.62 ± 0.86*

Total cholesterol 5.47 ± 0.99 5.58 ± 0.94� 5.67 ± 1.09 5.76 ± 0.99

HDL cholesterol 1.36 ± 0.33 1.31 ± 0.30� 1.41 ± 0.32 1.32 ± 0.28**

LDL cholesterol 3.47 ± 0.82 3.63 ± 0.82** 3.57 ± 0.85 3.72 ± 0.88*

Significant intra-group difference: P \ 0.06 (�), P \ 0.05 (*), P \ 0.01 (**)

No significant inter-group difference
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One of the goals of this work was: to evaluate the effect

of the experimental diet, rich in n-3 fatty acids, on various

anthropometric parameters of obesity. The results showed

clearly that the volunteers from both groups lost weight and

that no significant difference of weight was observed

between the two groups over the period of the diets. This is

probably due to the fact that both diets were normo-caloric;

in other words probably hypo-caloric (for obese individu-

als) when compared with the diet consumed before the

trial. This suggests that the reduction in caloric intake may

have masked any qualitative effects relating to the diet’s

fatty acid composition. However, the results obtained at

day 240 (in only 72% of the day 90 population) showed a

weight gain in the control group, whereas no weight gain

was determined in the experimental group. This interesting

result suggests that the experimental diet, provided

between day 0 and day 90, was able to limit the weight gain

recovery. The changes in BMI and hip circumference

confirmed the effect on weight, between day 90 and day

240, within the groups. Between groups, the BMI was

significantly lower at day 240 in the experimental group

and weight tended to be lower in the experimental group

than in the control group. Our results suggest that n-3 fatty

acids may have several metabolic effects. More precisely,

we can suppose that the enrichment of the tissues in n-3

fatty acids improves various metabolic syndrome parame-

ters, which is consistent with the literature [10, 11, 27–29],

and reduces the weight gain recovery phenomenon. One

can also suggest a different energy expenditure, implying

membrane processes, which are known to be modulated by

membrane fatty acid composition [30, 31]. A very recent

study showed that plasma n-3 PUFA were negatively

associated with obesity [32]. Finally, we can also suppose

that the high n-6 fatty acid levels in the control diet could

also explain the difference between groups, since LNA is

considered to be very adipogenic [1, 4, 5]. Moreover, the

weight gain observed in the control group is in good

agreement with the work by Dayton et al. [3] showing an

even stronger effect but with longer exposure to the same

type of diet rich in LNA. In any case, the n-6/n-3 balance

seems to be involved, whereas the proportion of saturated

fatty acids does not appear to be a determinant of weight

gain, since the experimental diet was the richest in satu-

rated fatty acids. Lastly, observing the inhibiting effect on

weight gain recovery in the long term after the end of the

trial is a new and very interesting observation, since this

long-term period is frequently subject to dramatic weight

recovery as is often described in the literature in humans

[33]. However, the effects reported here on anthropometric

parameters at D240 can be considered only as preliminary

results for further investigations.

Finally, we studied the plasma lipid parameters in the

volunteers. Surprisingly, the plasma lipid parameters

tended to worsen within each group although volunteers

lost weight. In the literature, weight loss generally

improves plasma lipid parameters [34–37] but this occurs

after caloric restriction, which is not the case in the

present study. However, our results suggest at least that

content and duration of both diets are unable to stop the

lipid parameter evolution in obese persons. Interestingly,

between groups, we observed no significant difference in

total cholesterol, HDL cholesterol, LDL cholesterol or

triglycerides during the trial (D0–D90). In other words,

the experimental diet was much richer in saturated fatty

acids, but did not alter the plasma lipid parameters during

the 90 days as compared with the control group. This

suggests that the level where saturated fatty acids are

deleterious remains to be determined and probably should

be re-evaluated [38], depending on the diet composition in

n-3 and n-6 PUFA. If we consider the PUFA/SFA ratio,

the experimental diet exhibited the lower value, without

any deleterious effects on the plasma lipid parameters (as

compared with the control diet), which is in good agree-

ment with a previous work with different values of the

PUFA/SFA ratio in humans [39]. This suggests that the

PUFA/SFA ratio is less relevant than the balanced com-

position of the experimental diet in both n-6 and n-3 fatty

acids, as compared with the excess of n-6 fatty acid in the

control diet. Finally, the results in terms of plasma lipid

parameters also suggest that a diet containing 76% animal

lipids (experimental diet) does not appear to be more

deleterious than a diet containing 49% animal lipids only

(control diet).
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Impregnation aux éléments traces, Polluants et Omega-3 (CAL-

IPSO). AFSSA-INRA (ed), pp 1–160

26. Jenkins D, Sievenpiper J, Pauly D, Sumaila U, Kendall C, Mowat

F (2009) Are dietary recommendations for the use of fish oils

sustainable? CMAJ 180:633–637

27. Delarue J, Couet C, Cohen R, Brechot JF, Antoine JM, Lamisse F

(1996) Effects of fish oil on metabolic responses to oral fructose and

glucose loads in healthy humans. Am J Physiol 270:E353–E362

28. Couet C, Delarue J, Ritz P, Antoine JM, Lamisse F (1997) Effect

of dietary fish oil on body fat mass and basal fat oxidation in

healthy adults. Int J Obes Relat Metab Disord 1:7–43

29. Moussavi N, Gavino V, Receveur O (2008) Could the quality of

dietary fat, and not just its quantity, be related to risk of obesity?

Obesity (Silver Spring) 16:7–15

30. Storlien LH, Hulbert AJ, Else PL (1998) Polyunsaturated fatty

acids, membrane function and metabolic diseases such as dia-

betes and obesity. Curr Opin Clin Nutr Metab Care 1:559–563

31. Hulbert AJ (2007) Membrane fatty acids as pacemakers of animal

metabolism. Lipids 42:811–819

32. Micallef M, Munro I, Phang M and Garg M (2009): Plasma n-3

polyunsaturated fatty acids are negatively associated with obes-

ity. Br J Nutr (in press). doi:10.1017/S0007114509382173

33. Turk MW, Yang K, Hravnak M, Sereika SM, Ewing LJ, Burke

LE (2009) Randomized clinical trials of weight loss maintenance:

a review. J Cardiovasc Nurs 24:58–80

34. Watts GF, Chan DC, Ooi EM, Nestel PJ, Bellin LJ, Barrett PH

(2006) Fish oils, phytosterols and weight loss in the regulation of

lipoprotein transport in the metabolic syndrome: lessons from

stable isotope tracer studies. Clin Exp Pharmacol Physiol

33:877–882

35. Ng TW, Watts GF, Barrett PH, Rye KA, Chan DC (2007) Effect

of weight loss on LDL and HDL kinetics in the metabolic

syndrom: associations with changes in plasma retinol-binding

protein-4 and adiponectin levels. Diabetes Care 30:2945–2950

36. Chan DC, Watts GF, Ng TW, Yamashita S, Barrett PH (2008)

Effect of weight loss on markers of triglyceride-rich lipoprotein

metabolism in the metabolic syndrome. Eur J Clin Invest

38:743–751

37. Ueki K, Sakurai N, Tochikubo O (2009) Weight loss and blood

pressure reduction in obese subjects in response to nutritional

guidance using information communication technology. Clin Exp

Hypertens 31:231–240

38. Knopp RH, Retzlaff BM (2004) Saturated fat prevents coronary

artery disease? An American paradox. Am J Clin Nutr

80:1102–1103

39. Chan JK, Bruce VM, McDonald BE (1991) Dietary alpha-lino-

lenic acid is as effective as oleic acid and linoleic acid in low-

ering blood cholesterol in normolipidemic men. Am J Clin Nutr

53:1230–1234

Lipids (2010) 45:11–19 19

123

http://dx.doi.org/10.1017/S0007114509382173


ORIGINAL ARTICLE

Dietary Source of Stearidonic Acid Promotes Higher Muscle DHA
Concentrations than Linolenic Acid in Hybrid Striped Bass

Anant S. Bharadwaj • Steven D. Hart •

Billie J. Brown • Yong Li • Bruce A. Watkins •

Paul B. Brown

Received: 29 June 2009 / Accepted: 30 October 2009 / Published online: 22 November 2009

� AOCS 2009

Abstract Rapid expansion of aquacultural production is

placing increasing demand on fish oil supplies and intensified

the search for alternative lipid sources. Many of the potential

alternative sources contain low concentrations of long chain

n-3 fatty acids and the conversion of dietary linolenic acid to

longer chain highly unsaturated fatty acids is a relatively

inefficient process in some species. A 6-week study was

conducted to compare tissue fatty acid (FA) concentrations in

hybrid striped bass fed either 18:3n-3 (a-linolenic acid; ALA)

or 18:4n-3 (stearidonic acid; SDA). Hybrid striped bass were

fed either a control diet containing fish oil, or diets containing

ALA or SDA at three different levels (0.5, 1 and 2% of the

diet). There were no significant differences in whole animal

responses between fish fed ALA or SDA. Liver and muscle

concentrations of ALA and SDA were responsive to dosages

fed. However, only 22:6n-3 concentrations in muscle were

significantly affected by dietary source of 18 carbon

precursors. Muscle 22:6n-3 concentrations were significantly

higher in fish fed SDA compared to fish fed ALA. Based on

these data, it appears that feeding SDA can increase long

chain n-3 fatty acid concentrations in fish muscle.

Keywords Hybrid striped bass � Fish � Muscle �
Stearidonic acid � Linolenic acid

Abbreviations

ALA Linolenic acid

ANOVA Analysis of variance

AA Arachidonic acid

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

EPA Eicosapentaenoic acid

EFA Essential fatty acid

FAME Fatty acid methyl esters

FA Fatty acid

FID Flame ionization detector

GC Gas chromatograph

HUFA Highly unsaturated fatty acid

IPF Intraperitoneal fat

LC-n-3 HUFA Long chain n-3 highly unsaturated fatty

acids

MONO Total monounsaturated fatty acids

PSEM Pooled standard error of the mean

RLW Relative liver weight

SAT Total saturated fatty acid

SDA Stearidonic acid

Introduction

A significant proportion of the global fish oil supply is used

as a dietary lipid and fatty acid (FA) source for propagation
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of aquatic animals [1]. The rapid increase in aquacultural

production and the associated demand for fish oil may

create a shortage of this commodity in the near future. The

supply of lipid sources from oilseed crops is larger than the

supply of fish oil and regarded as a logical choice for

replacing fish oil, either partially or completely, in dietary

formulations [2]. Plant-derived lipid sources have been fed

to fish without significantly compromising growth or

health, but their use has generally resulted in lower muscle

concentrations of n-3 fatty acids, thereby reducing the

potential health benefits to humans from the consumption

of fish [2, 3]. Terrestrial plant-based lipids contain rela-

tively high concentrations of linoleic acid (18:2n-6), oleic

acid (18:1n-9) and to a lesser extent, linolenic acid (ALA;

18:3n-3), and do not contain long chain highly unsaturated

fatty acids of the n-3 family (LC-n-3 HUFA; C20 C) [4].

Fish are unable to synthesize either linoleic or ALA acid

and have a dietary requirement for n-3 and/or n-6 FA [5].

Turchini et al. [5] recently reviewed most of the published

data on EFA requirements in fish and concluded that, in

general, marine fish require a dietary supply of LC-n-3

HUFA such as 20:5n-3 (eicosapentaenoic acid; EPA) or

22:6n-3 (docosahexaenoic acid; DHA), whereas species

with a freshwater life history stage require either ALA,

ALA and 18:2n-6 or only 18:2n-6 to satisfy their essential

fatty acid (EFA) requirements [5–7]. The n-3 family

remains a focal point for research efforts because they can

have significant impacts on human health. ALA is metab-

olized through a series of desaturation and elongation

reactions to form long chain n-3 HUFA. In the first step,

ALA is converted to 18:4n-3 (stearidonic acid; SDA) by

the action of D6 desaturase, which is considered an inef-

ficient and rate limiting process in vertebrates [8–10].

Providing a dietary source of SDA might be a viable

method of increasing n-3 FA concentrations in fish [11].

Metabolism of n-3 FA varies among fish species. Marine

fish such as gilthead seabream Sparus aurata, turbot

Scophthalmus maximus, golden gray mullet Liza aurata

and European sea bass Dicentrarchus labrax have limited

ability to convert 18 C FA to LC-n-3 HUFA [12–17].

Freshwater fish, or those with a freshwater life history

stage, such as tilapia Oreochromis niloticus, zebrafish

Danio rerio, brown trout Salmo trutta, rainbow trout

Oncorhynchus mykiss, and Atlantic salmon Salmo salar are

able to elongate and desaturate ALA to EPA and DHA

[12, 13, 18–21].

Stearidonic acid has been evaluated in both mammals

and fish. In humans, ingestion of SDA increased plasma

and erythrocyte EPA and 22:5n-3 (docosapentaenoic acid;

DPA) [22]. In rats fed SDA, an increase in liver and plasma

EPA was observed [9], whereas in mice an increase in

plasma and splenocyte 20:4n-3 (eicosatetraenoic acid;

ETA), EPA, and DHA concentrations were reported [23].

Similarly, increases in red blood cell and heart EPA con-

centrations were observed in beagles fed SDA [24]. In

turbot and Atlantic salmon cell lines, SDA was metabo-

lized to EPA and DPA, with only low concentrations of

DHA being formed [25, 26]. Echium oil, a rich source of

SDA, has been fed to Atlantic cod Gadus morhua, Arctic

charr Salvelinus alpines, and Atlantic salmon, but the

comparisons were with fish oil [27–29]. There does not

appear to be a formal comparison of ALA to SDA as a

source of n-3 FA in fish.

The hybrid striped bass is a cross between the anadro-

mous striped bass and strictly freshwater white bass with a

reported requirement for LC-n-3 HUFA [30]. However,

there is little information on n-3 FA metabolism in this

hybrid. Lane et al. [31] and Trushenski et al. [32, 33]

reported effects of feeding various lipid sources on fillet

composition over time and effects on various lipid classes,

but there have been no reports of feeding selected n-3

precursors and resulting downsteam effects on LC-n-3

HUFA. We hypothesized that the hybrid striped bass would

efficiently use SDA as a source of n-3 FA as both parental

species have a freshwater life history stage and this hybrid

might be a good model for formal comparison of ALA to

SDA. Specific objectives were to: (1) determine if dietary

SDA would promote higher concentrations of LC-n-3

HUFA than dietary ALA; and, (2) determine if high dietary

concentrations of SDA and ALA would promote increased

tissue retention of n-3 HUFA.

Experimental Procedures

Fish Husbandry

Juvenile hybrid striped bass (Morone saxatilis 9 M.

chrysops) were obtained from Keo Fish Farms (Keo, AR,

USA), and transported to the Purdue University Aquacul-

ture Facility. Procedures used during transport, quarantine,

and the experimental period were approved by the Purdue

Animal Care and Use Committee. Fish were acclimated to

laboratory conditions for 10 weeks before being used in the

study and fed a commercial diet during that period (Nelson

and Sons, Murray, UT, USA).

A semi-closed, recirculating system comprising 32

individual, 190-L aquaria were used in this study. Each

aquarium was constantly aerated via an airstone connected

to a regenerative blower. The experimental system was

equipped with four submerged filtration tanks for solid

material removal and a submerged biological filtration tank

for oxidation of nitrogenous waste products. Water was

pumped through a sand filter to each aquarium at a rate of

*4 L/min. Water temperature was maintained at

26 ± 1 �C during the study.

22 Lipids (2010) 45:21–27
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Groups of 10 fish were randomly stocked into individual

aquaria and acclimated to the experimental system for

2 weeks prior to the experiment. Fish were fed a com-

mercial diet (Nelson and Sons, Murray, UT, USA) for the

first week and their respective experimental diets for

1 week thereafter. Triplicate groups of fish were randomly

assigned a dietary treatment. Fish were fed to satiation

twice daily during both the acclimation and experimental

portions of the study. Before the start of the study, the

number of fish per tank was reduced to five. The average

initial weight in each tank was 208 g/fish. Water quality

was monitored daily throughout the study and maintained

within acceptable limits. Ammonia- and nitrite-N concen-

trations did not exceed 0.5 and 0.05 mg/L, respectively.

Dissolved oxygen concentrations did not fall below

7 mg/L. The study was conducted for 6 weeks.

Diets

The basal diet was formulated to contain 40 g/100 g crude

protein and 10 g/100 g lipid. All diets contained 400 g/kg

solvent extracted, dehulled soybean meal, 150 g/kg corn

gluten meal, 150 g/kg fish meal, 100 g/kg ground, whole

wheat, 20 g/kg mineral premix, 30 g/kg vitamin premix,

1 g/kg ascorbyl-polyphosphate, 1 g/kg choline-Cl, 10 g/kg

soybean lecithin, and 38 g/kg a-cellulose. Seven different

experimental diets were formulated by varying the

dietary lipid source (Table 1). The control diet contained

10 g/100 g menhaden oil and the remaining diets contained

either flaxseed oil as a source of ALA (55% wt:wt) or a

purified source of SDA (60% ethyl ester, wt:wt) at 0.5, 1

and 2 g/100 g of the diet. High-oleic acid safflower oil was

used to balance the lipid content of the ALA and SDA

containing diets.

Stearidonic acid, flaxseed oil, and high-oleic safflower

oil were obtained from commercial producers (K. D.

Pharma Bexbach GmbH, Bexbach, Germany; U.S. Soy,

Mattoon, IL, USA; and, Oilseeds International, San Fran-

cisco, CA, USA, respectively). Soybean meal, and fish

meal were obtained from the Purdue University Animal

Sciences Research and Education Facility Feed Mill

(Montmorenci, IN, USA). Corn gluten meal, menhaden oil,

and flax oil were obtained from commercial suppliers

(A. E. Staley Mfg. Co., Lafayette, IN, USA; Omega

Protein, Reedville, VA, USA; and, U.S. Soy, Mattoon, IL,

USA, respectively). L-ascorbyl polyphosphate (a source of

vitamin C, 35% active ingredient) was obtained from

Roche Inc. (Nutley, NJ, USA). Vitamin (U.S. Fish and

Wildlife Service #30) and mineral (U.S. Fish and Wildlife

Service #3) premixes were obtained from feed manufac-

turers (Zeigler Bros., Inc., Gardners, PA, USA, and Nelson

and Sons, Inc., Murray, UT, USA, respectively). All diets

used in this study were manufactured at the Purdue Uni-

versity Aquaculture Facility [34]. Dry ingredients were

mixed in a V-mixer (Patterson-Kelley, East Stroudsburg,

PA, USA), then transferred to a Hobart mixer (Hobart

Corporation, Troy, OH, USA) and mixed with water and

lipid. Choline chloride was dissolved in water and mixed

into each of the diets [35]. Diets were adjusted to pH 7 ± 0.2

with saturated sodium hydroxide. Diets were pelleted with a

3.1-mm die attached to the Hobart mixer. The resulting

strands were chopped into pellets of uniform length and air

dried for 72 h. The dried diets were sealed in airtight bags,

flushed with nitrogen gas and stored at -20 �C.

Sample Collection

At the end of 6 weeks, fish were euthanized with tricaine

methanosulfonate (Argent Chemicals, Redmond, WA,

USA) and weighed. The final weights of fish were used

along with initial weights to calculate weight gain over the

duration of the study. Three fish from each replicate were

weighed and livers and intraperitoneal fat (IPF) dissected

and weighed. Muscle samples were collected from the

region below the dorsal fin, *1 cm anterior to the center of

the fish.

Livers and IPF weights were used to calculate relative

liver weights (RLW) and IPF ratio, respectively. Muscle

and liver samples were stored in polyethylene bags con-

taining water. All sample bags were flushed with nitrogen

gas, sealed and stored at -20 �C. All fatty acid analyses

were completed within 4 weeks of sample collection.

Lipid Extraction and Fatty Acid Analysis

Diet, liver, and muscle samples were homogenized in a 2:1

chloroform–methanol solution and lipids extracted [36].

Total lipids were then saponified and fatty acid methyl

esters (FAME) synthesized by esterification with boron

trifluoride (BF3) in methanol (14% w/v; Supelco, Bellfonte,

Table 1 Lipid composition of

experimental diets (g/kg) fed to

hybrid striped bass

Ingredient Control ALA0.5 ALA1 ALA2 SDA0.5 SDA1 SDA2

Menhaden oil 100

High oleic safflower oil 90.9 81.8 63.6 91.6 83.2 66.4

Flaxseed oil (55% ALA) 9.1 18.2 36.4

Stearidonic acid (60% SDA) 8.4 16.8 33.6
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PA, USA). These FAME were analyzed using a GC (Ag-

ilent 6890 Series GC System, 7683 Series Injector; Agilent

Technologies, Palo Alto, CA, USA), equipped with a DB-

23 column (30 m, 0.53 mm i.d., 0.5 lm film thickness;

J&W Scientific, Folsom, CA, USA). The GC was operated at

140 �C for 2 min and temperature was increased 1.5 �C/min

to 198 �C and held for 7 min. Helium was used as carrier

gas. The injector and FID temperatures were 225 and

250 �C, respectively. The FAME were identified by com-

parison of retention times with those of pure standards

(GLC-422, GLC-87, GLC-68A, GLC 76; Nu-Chek-Prep,

Elysian, MN, USA) and FAME prepared from menhaden

oil. The fatty acid composition of total lipids in diets was

determined as described above. The fatty acid composition

of diet, liver and muscle samples was identified in terms of

area % and reported as g/100 g of fatty acids in lipids.

Statistical Analysis

All data were analyzed as both an unbalanced (with control

diet) and balanced (without control diet) 2 9 3 factorial

design using each aquarium as the experimental unit and

dietary treatment as the independent variable. All tabular

presentations were of the balanced statistical analysis with

designated symbols indicating differences between fish fed

the control diet and those fed the experimental diets. All

percentage data were arc sine transformed prior to analysis

[37]. All data were subjected to two-way ANOVA using

Statistical Analysis System release 8.0 Software (SAS

Institute, Cary, NC, USA). Main effects were dietary fatty

acid type and dietary fatty acid level. If significant differ-

ences were detected, Student–Newman–Keuls test was

used to separate means. Differences were considered sig-

nificant at p \ 0.05.

Results

Relatively low concentrations of ALA and SDA (1.6 and

1.7 g/100 g total lipids, respectively) were found in the

control diet (Table 2). The ALA and SDA diets both

contained lower concentrations of saturated fatty acids than

the control diet, but contained higher concentrations of

monounsaturated fatty acids. The ALA diets (ALA0.5,

ALA1 and ALA2) contained 5.2, 10.2, and 20.1 g/100 g

ALA, respectively. The SDA diets (SDA0.5, SDA1, and

SDA2) contained 5.0, 10.0 and 19.9 g/100 g SDA,

respectively.

There were no mortalities during the study. Weight gain,

feed intake and feed conversion ratio were not significantly

affected by dietary treatment, FA level or the interaction of

the two main effects (Table 3). Relative liver weights and

IPF ratios were also not significantly affected by dietary

treatment, FA level or interaction.

Dietary sources of ALA and SDA significantly affected

liver concentrations of ALA and SDA (Table 4) Liver

ALA concentrations were significantly higher in fish fed

the ALA series of diets and liver SDA concentrations were

significantly higher in fish fed the SDA series of diets.

Further, increasing dietary concentrations resulted in

increasing concentrations in liver samples. Concentrations

(and range of mean values) of 14:0 (1.3–1.4), 15:0 (0.1–

0.2), 16:1n-7 (2.4–2.6), 17:0 (0.3), 18:0 (3.0–3.4), 18:1n-9

(44.5–47.6), 18:2n-6 (13.8–14.2), 20:1n-9 (1.6–2.0), 20:4n-

6 (0.5–0.6), 20:5n-3 (1.8–2.2), 22:5n-6 (0.2), 22:5n-3 (0.6–

0.7), 22:6n-3 (4.1–5.3), total monounsaturates (50.7–53.9),

total n-6 HUFA (1.4–1.5), the n-6/n-3 HUFA ratio (0.2)

and ARA/DHA ratio (0.1) in liver were not significantly

affected by dietary lipid source, level or the interaction of

the two variables (data not shown). Concentrations (and

mean value) of 14:0 (4.2), 16:0 (15.0), 16:1n-7 (7.5),

20:4n-6 (1.3), 20:4n-3 (1.1), 20:5n-3 (7.6), 22:5n-6 (0.5),

22:5n-3 (2.3), 22:6n-3 (23.2), total, n-6 HUFA (2.9), and

total n-3 HUFA (0.1) in liver of fish fed the control diet

were significantly higher than in fish fed other dietary

treatments.

Table 2 Fatty acid composition (g/100 g) of experimental diets fed

to hybrid striped bass

Fatty

acid

Control ALA0.5 ALA1 ALA2 SDA0.5 SDA1 SDA2

14:0 8.6 0.7 0.7 0.6 0.7 0.7 0.7

15:0 0.7 0.1 0.1 0.1 0.1 0.1 0.1

16:0 21.6 8.0 7.9 7.9 7.7 7.2 6.8

16:1n-7 10.5 0.9 0.8 0.8 0.9 0.9 0.9

18:0 4.6 2.7 2.9 2.1 2.6 2.4 2.4

18:1n-9 11.1 56.9 52.2 46.0 58.7 53.4 44.2

18:2n-6 10.7 19.8 19.6 18.3 19.0 18.8 17.6

18:3n-3 1.6 5.2 10.2 20.1 0.4 0.4 0.5

18:4n-3 1.7 ND2 ND ND 5.0 10.1 19.9

20:0 0.4 0.4 0.4 0.3 0.1 0.1 0.1

20:1n-9 1.1 0.4 0.4 0.3 0.4 0.3 0.3

20:4n-6 0.5 0.2 0.2 0.2 0.2 0.2 0.2

20:5n-3 6.5 1.2 1.2 1.1 1.2 1.2 1.3

22:1n-9 0.7 0.2 0.2 0.2 0.2 0.1 0.1

22:5n-3 1.2 0.2 0.1 0.2 0.2 0.2 0.2

22:6n-3 6.9 1.0 0.9 0.9 0.9 0.9 1.0

SAT 35.9 11.9 11.8 11.1 11.1 10.5 10.1

MONO 23.4 58.1 53.0 46.9 59.5 54.6 45.1

Values are means of duplicate analyses

Total saturated fatty acids

Total monounsaturated fatty acids

ND not detected
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Muscle concentrations of ALA and SDA were signifi-

cantly affected by the interaction of FA type and level

(Table 5). There were no other significant interactions in

muscle samples. Mean muscle concentrations of SDA and

DHA were significantly higher in fish fed SDA compared

to fish fed ALA. There were no other significant affects of

FA type. Mean concentrations of ALA and SDA were

significantly affected by FA levels in diets.

Mean concentrations (and range of mean values) of 14:0

(1.1–1.5), 15:0 (0.2), 16:0 (16.1–17.5), 16:1n-7 (2.2–3.0),

17:0 (0.2–0.3), 18:0 (4.8–5.5), 18:1n-9 (19.1–24.4),

18:1n-7 (1.5–1.6), 20:1n-9 (0.9–1.1), 20:3n-6 (0.7), 20:4n-

6 (2.0–2.2), 20:4n-3 (0.3–0.4), 20:5n-3 (6.6–7.1), 22:5n-6

(0.5–0.6), 22:5n-3 (1.3–1.4), total unsaturates (22.9–23.7),

total monounsaturates (27.3–29.9), total n-6 HUFA

(3.4–3.6), and the ratios of ARA/EPA and ARA/DHA in

muscle samples were not significantly affected by dietary

FA source or level (data not shown).

Discussion

These data indicate that feeding hybrid striped bass a die-

tary source of SDA promotes higher muscle SDA and DHA

concentrations than fish fed a dietary source of ALA.

Further, concentrations in both liver and muscle were

responsive to the dosage fed. However, increases in DHA

or other LC-n-3 HUFA were not of the same magnitude as

the increases in ALA and SDA. Thus, while the increased

DHA concentrations in muscle of fish fed SDA appears

consistent with the inefficient rate limiting step associated

with the D-6 desaturase, there are other factors contributing

to LC-n-3 HUFA concentrations in the muscle of hybrid

striped bass. This appears to be the first evaluation of a

concentrated source of SDA in diets fed to fish compared to

a source of ALA; thus, there are no direct comparisons with

other studies. However, there are comparisons to in vitro

studies.

Table 4 Fatty acid composition of liver from hybrid striped bass fed a control diet and diets containing linolenic acid and stearidonic acid at

different levels

Fatty acid Diets ANOVA p values

CTRL 0.5LNA 1LNA 2LNA 0.5SDA 1SDA 2SDA FA Type Level T 9 L

18:3n-3 1.5 ± 0.1 2.0 ± 0.4c 4.1 ± 0.2b 6.1 ± 1.3a 1.0 ± 0.2c 1.0 ± 0.2c 1.4 ± 0.2c \0.0001 \0.0001 0.0006

18:4n-3 1.0 ± 0.2 0.4 ± 0.2d 0.5 ± 0.1d 0.8 ± 0.1d 1.3 ± 0.1c 2.4 ± 0.4b 5.5 ± 0.4a \0.0001 \0.0001 \0.0001

20:4n-3 1.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.1276 0.8109 0.2569

20:5n-3 7.6 ± 0.2 2.1 ± 0.3 1.6 ± 0.4 1.8 ± 0.4 2.3 ± 0.5 2.1 ± 0.5 2.0 ± 0.4 0.4567 0.3153 0.8351

22:5n-3 2.3 ± 0.2 0.7 ± 0.2 0.5 ± 0.1 0.5 ± 0.1 0.7 ± 0.2 0.8 ± 0.4 0.6 ± 0.2 0.7083 0.8846 0.8128

22:6n-3 23.2 ± 1.4 5.3 ± 1.1 3.4 ± 0.9 4.3 ± 0.6 5.2 ± 1.4 4.8 ± 1.6 4.9 ± 0.1 0.3455 0.2097 0.2884

Table 3 Mean initial weight (Wi, g/fish), weight gain (Wg g/fish/6 weeks), feed intake (FI, g/fish/6 weeks), feed conversion ratio (FCR), relative

liver weight (RLW), and intraperitoneal fat index (IPF) of juvenile hybrid striped bass fed varying concentrations of linoleic acid (ALA) or

stearidonic acid (SDA)

Wi Wg FI FCR RLW IPF

Control 208.4 ± 0.8 46.8 ± 6.1 123.9 ± 2.0 2.7 ± 0.3 1.0 ± 0.2 3.1 ± 0.8

0.5 ALA 208.4 ± 1.2 52.6 ± 13.2 124.9 ± 11.9 2.4 ± 0.4 1.1 ± 0.1 3.4 ± 0.7

1 ALA 209.4 ± 0.4 54.0 ± 20.9 124.3 ± 10.1 2.5 ± 0.8 1.1 ± 0.1 4.4 ± 0.9

2 ALA 208.3 ± 1.0 60.5 ± 6.3 120.6 ± 9.2 2.0 ± 0.4 1.0 ± 0.1 4.0 ± 0.8

0.5 SDA 207.9 ± 1.5 64.5 ± 3.2 136.7 ± 6.1 2.1 ± 0.4 1.0 ± 0.2 4.5 ± 0.8

1 SDA 207.6 ± 1.5 53.5 ± 9.2 120.6 ± 6.8 2.3 ± 0.2 1.2 ± 0.2 3.4 ± 0.7

2 SDA 208.5 ± 1.9 58.3 ± 2.8 124.6 ± 3.8 2.2 ± 0.3 1.1 ± 0.2 3.4 ± 0.9

ANOVA p values

Source 0.9441 0.2749 0.4455 0.3276 0.6021 0.2921

Level 0.3333 0.4559 0.0546 0.4396 0.8393 0.3621

S 9 L 0.6000 0.4382 0.0903 0.6735 0.4325 0.2126

Values are means of 3 replicates

Probability (p [ F) of treatment differences as determined by ANOVA
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Atlantic salmon cells treated with SDA contained higher

concentrations of SDA, 20:4n-3 and EPA compared to cells

that were supplemented with ALA [38]. In a separate

study, SDA was metabolized to EPA in both Atlantic sal-

mon and turbot cell lines, but more efficiently in salmon

[25]. In both cell lines, only a small amount of DHA was

detected, although there was significant production of DPA

in both. In another study with Atlantic salmon cell cultures,

SDA was converted to EPA and DPA, but not to DHA [26].

The developing picture in fish appears to support the

inefficient D-6 desaturase step in FA metabolism, but also

appears to indicate considerable variation in further

metabolism of n-3 FA across species. The Atlantic salmon

and hybrid striped bass have qualitatively different FA

requirements [39], which may be influencing this

comparison.

Mean muscle concentrations of ALA were 1.8, 2.4 and

4.3 g/100 g FA in fish fed the ALA series of diets,

respectively and 0.9, 1.1 and 1.3 g/100 g FA in fish fed the

SDA series, respectively. Mean SDA concentrations in

muscle of fish fed the SDA series of diets were 0.8, 1.4 and

2.8 g/100 g, respectively and 0.8, 0.5 and 0.5 g/100 g FA

in fish fed the ALA series of diets, respectively. Thus,

differences appear related to dose. It is not known if higher

dietary levels of ALA and SDA would promote higher

muscle retention of n-3 HUFA and is an area for future

study.

Neither dietary fatty acid type nor level significantly

affected weight gain, feed intake, FCR, HSI, or IPF in the

present study. Similar results have been reported in fish fed

echium oil compared to fish and other lipid sources. In

Arctic charr fed either fish oil or echium oil, no significant

differences in growth, mortality, feed efficiency, or tissue

lipids were observed [28]. Similarly, cod fed either fish oil

or echium oil did not exhibit significant differences in

growth, feed efficiency, RLW, or liver and muscle lipid

concentrations [27]. Lipid classes in muscle or liver were

not affected by dietary lipid type in cod. In Atlantic salmon

parr fed fish oil, echium oil, canola oil or a 1:1 mixture of

canola and echium oils, dietary lipid did not significantly

affect growth, feed efficiency, feed consumption or RLW

[29]. Lipid classes of red and white muscle were also not

affected by dietary lipid. However, the FA composition of

liver and muscle lipids in these species of fish, as with the

hybrid striped bass in the present study, was affected by

dietary lipid source. In all previous studies with fish fed

echium oil, the comparison was with fish oil and virtually

all fatty acids were significantly affected by lipid source,

whereas the minority of fatty acids were significantly

changed in this study.

Results from our study lead us to speculate that the

initial D-6 desaturase reaction step may be rate limiting in

the metabolism of 18 C FA in muscle of the hybrid striped

bass as DHA concentrations are higher when a dietary

source of SDA was provided compared to a source of ALA.

However, other steps in the elongation and desaturation of

SDA appear to be influencing LC-n-3 HUFA concentra-

tions as the dose dependent increases from dietary SDA did

not result in dose dependent increases in DHA or any other

n-3 FA.
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Abstract Steroidogenic acute regulatory protein (StAR)

plays an important role in the maintenance of intracellular

lipid homeostasis. Macrophages are the key cellular player

in the pathophysiology of atherosclerosis. Imbalance of

macrophage lipid homeostasis causes cellular apoptosis,

which is the key process in the initiation of atherosclerosis.

The present study has investigated the effects of StAR in

the apoptotic process of human THP-1 derived macro-

phages induced by serum withdrawal or Ox-LDL. Over-

expression of StAR significantly decreased the number of

apoptotic macrophages by decreasing the expression of

pro-apoptotic genes Caspase-3 and Bax mRNA and protein

levels, as well as through increasing expression of anti-

apoptotic gene Bcl-2 mRNA and protein levels in the

absence and presence of Ox-LDL. The results indicate that

StAR plays an important role in macrophage and foam cell

apoptotic processing, which may provide a potential

method for preventing atherosclerosis.

Keywords Steroidogenic acute regulatory protein �
Apoptosis � Macrophages � Caspase-3 � Bax � Bcl-2 �
Atherosclerosis

Abbreviations

ABCG1 ATP-binding cassette transporter G1

ApoE-/- Apolipoprotein E-deficient

Bax BCL2-associated X protein

Bcl-2 B cell lymphoma/leukemia-2

CYP27A1 Sterol 27-hydroxylase

EGFP Enhanced green fluorescence protein

FC Free cholesterol

FCM Flow cytometry

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

IMM Inner mitochondrial membrane

LDL Low-density lipoprotein

LXRa Liver X receptor alpha

MOI Multiplicity of infection

OMM Outer mitochondrial membrane

Ox-LDL Oxidized low-density lipoprotein

PE Phycoerythrin

PMA Phorbol 12-myristate 13-acetate

PPARc Proliferation peroxysome activator receptor

gamma

P450scc Side-chain cleavage cytochrome P450

StAR Steroidogenic acute regulatory protein

THP-1 Human, peripheral blood, leukemia, acute

monocytic

TUNEL Terminal deoxynucleotidyl transferase-

mediated dUTP nick end labeling

7-ADD 7-Amino-actinomycin

25HC 25-Hydroxycholesterol

25HC3S Sulfated 25-hydroxycholesterol

27HC 27-Hydroxycholesterol

Introduction

Macrophages are central to the initiation and progression of

atherosclerosis. In certain circumstances, macrophages

accumulate modified low-density lipoproteins (LDLs),

especially oxidized LDL (Ox-LDL). These modified LDLs

can be metabolized into free cholesterol and cholesterol
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esters leading to foam cell formation, which is a critical

step for macrophage apoptosis and atherosclerosis pro-

gression [1–4]. Intracellular free cholesterol is considered

to be a potent inducer of macrophage apoptosis, and sub-

sequently necrosis, which could contribute to lesion

necrosis, plaque destabilization, and disruption leading to

acute atherothrombotic cardiovascular events [5–7].

Apoptotic and necrotic death of macrophages and foam

cells lead to accumulation of insoluble lipids and other

cellular contents, a characteristic of advanced lesions [8].

Therefore, decreasing intracellular cholesterol and choles-

terol ester levels may prevent macrophages from foam cell

formation and apoptosis.

Steroidogenic acute regulatory protein (StAR), one of

the mitochondrial cholesterol delivery proteins, could

deliver cholesterol from the outer mitochondrial membrane

(OMM) into the inner mitochondrial membrane (IMM),

which plays an important role in the maintenance of

intracellular lipid homeostasis [9–11]. Our previous studies

demonstrated that overexpression of StAR in THP-1

macrophages activates liver X receptor alpha (LXRa) and

proliferation peroxysome activator receptor gamma

(PPARc), and increases ATP-binding cassette transporter

G1 (ABCG1) and sterol 27-hydroxylase (CYP27A1)

expression. Subsequently, it decreases intracellular lipid

levels and the secretion of inflammatory factors, such as

TNFa [12]. Furthermore, overexpression of StAR in

ApoE-/- mice also decreases serum and tissue lipids [13].

Both free cholesterol accumulation and inflammatory fac-

tors are major pathogens for macrophage apoptosis [5, 14,

15]. Thus, StAR or StAR-like cholesterol transporters may

be involved in the regulation of apoptosis. We hypothe-

sized that StAR inhibits macrophage and foam cell apop-

tosis and necrosis.

In the present study, we provided convincing evidence

that StAR plays an important role in the prevention of

macrophage apoptosis, which may have therapeutic value

for the prevention of atherosclerosis.

Experimental Procedure

Materials and Reagents

Culture media and reagents, TRIZOL reagent and a

SuperScriptTM III First-Strand Synthesis System for RT-

PCR were purchased from Invitrogen (Carlsbad, CA). The

SYBR� Green real-time PCR Master Mix was from the

Toyobo Company (Osaka, JP). Primary antibodies against

StAR and b-actin were purchased from Abcam Ltd.

(Cambridge Science Park, Cambridge, UK). Antibodies

against Caspase-3, Bax and Bcl-2 were purchased from

SantaCruz Biotechnology, Inc (Santa Cruz, CA). Second

antibodies against rabbit and mouse IgG were obtained

from Kirkegaard and Perry Laboratories (Guildford, UK).

The Annexin V-PE apoptosis detection kit (containing PE-

conjugated Annexin V, 7-AAD and 109 binding buffer)

was purchased from BD Biosciences (San Jose, CA).

Lipoproteins were prepared from 80 ml blood of healthy

donors by gradient ultracentrifugation as previously

described [16]. The recombinant adenovirus encoding

StAR (Ad-StAR) was prepared as described [17]. The

control adenovirus expressing the enhanced green fluores-

cence protein (Ad-EGFP) was purchased from Vector Gene

Technology Company Ltd. (Beijing, China). All other

reagents were from Sigma-Aldrich Chemical Co (St. Louis,

MO) unless stated otherwise.

Cell Line and Cell Culture

THP-1, a human monocytic cell line, was purchased from

the American Type Culture Collection (Manassas, VA).

Cells were cultured in RPMI 1640 medium with 25 mM

HEPES buffer (supplemented with 10% fetal bovine serum,

2 mM L-glutamine (Invitrogen), 100 U/ml of penicillin, and

100 lg/ml of streptomycin) at 37 �C in a humidified incu-

bator with 5% CO2. THP-1 monocytic cells were differen-

tiated to macrophages by addition of 50 nM phorbol

12-myristate 13-acetate (PMA) for 48 h. After being dif-

ferentiated to macrophages, the PMA-containing medium

was removed, and replaced with serum-free media, the cells

were cultured for another 24 h before treatment. The mac-

rophages were converted to foam cells by incubation with

Ox-LDL (25 lg/ml) for 48 h as previously described [3].

Infection of Macrophages with Adenovirus Encoding

Human StAR

THP-1 derived macrophages were infected with recombi-

nant adenovirus encoding Ad-StAR at a multiplicity of

50 pfu/cell for 48 h in the absence and presence of

Ox-LDL as previously described [18]. The adenovirus

encoding Ad-EGFP were used as controls.

Morphological Assessment of Apoptosis by Electron

Microscopy

A method of uranyl acetate and lead citrate staining was

used to detect morphological changes as previously

described [19]. In short, THP-1 derived macrophages were

infected with Ad-StAR or Ad-EGFP in the absence and

presence of Ox-LDL for 48 h. The cells were digested with

pancreatin and fixed with 3% glutaraldehyde precooled at

4 �C for 2 h. After washed with PBS twice, the cells were

fixed with 1% osmic acid for one more hour, dehydrated by

acetone, and embedded in epoxide resin. After stained with
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uranyl acetate and lead citrate, the cells were observed

under transmission electron microscope.

Agarose Gel Electrophoresis for DNA Fragmentation

Detection

Selected apoptotic DNA was extracted from the treated

cells and analyzed by agarose gel electrophoresis according

to the manufacturer’s instructions. In short, 4 lg of specific

DNA was loaded to 1% agarose gel, and fragments were

visualized by ethidium bromide staining.

Quantification of Apoptosis by Flow Cytometry

THP-1 cells were seeded in a six-well plate at 1 9 106

cells/well density, differentiated, and infected as described

above. The media were changed with fresh serum-free

RPMI 1640 media in the presence or absence of 25 lg/ml

Ox-LDL. Forty eight hours after the change, apoptotic

cells were assessed by flow cytometry as previously

published [20]. In brief, the harvested cells were washed

twice with cold PBS, then resuspended in 19 binding

buffer at a concentration of 1 9 106 cells/ml, incubated

with Annexin V-PE (Phycoerythrin) and 7-ADD

(7-amino-actinomycin) for 15 min at room temperature in

the dark. The positive cells were analyzed by flow

cytometry within one hour.

Determination of Total mRNA by Real-Time

Fluorescent Quantitative RT-PCR

Total RNA was extracted according to the manufacturer’s

instructions. 2 lg of total RNA were reversely transcribed

and amplified. The relative mRNA levels were measured

by real-time PCR using SYBR-Green real-time PCR

Master Mix (Toyobo, Osaka, Japan) with SYBR-Green I.

Specific primer pairs for StAR, Caspase-3, Bax, Bcl-2,

GAPDH were designed based on published sequences in

GenBank and are listed in Table 1.

Determination of Relative Protein Levels

After infection or treatment, total cell lysates were har-

vested in RIPA sample buffer. Thirty micrograms of pro-

tein was loaded to 12% SDS-PAGE to detect Caspase-3,

Bax, Bcl-2 using b-actin as loading control, and Western

blot analysis was performed as previously described [21].

Statistic Analysis

Data are expressed as means ± SD and evaluated by

independent-samples t test and the Games–Howell post-test

using SPSS 11.5 software. A value of P \ 0.05 was con-

sidered statistically significant.

Results

StAR Gene was Successfully Overexpressed in THP-1

Derived Macrophages by Infection with Recombinant

Adenovirus

THP-1 derived macrophages were infected with recom-

binant adenovirus encoding Ad-EGFP at a multiplicity of

0, 10, and 50 pfu/cell respectively. All of these cells

were incubated for another 48 h. Transfection efficiency

was detected by fluorescence microscope and flow

cytometry as shown in Fig. 1a–d. The cells infected with

Ad-EGFP at a multiplicity of 50 pfu/cell for 48 h had

the highest infection efficiency (about 50%). This con-

dition was used in the following experiments unless

otherwise mentioned.

Table 1 Primer pairs used to amplify PCR products

Gene Sequence (50?30) Product

size (bp)

Annealing

temperature (�C)

GenBank

accession no.

StAR Forward: CTGAGGCAACAGGCTGTGAT

Reverse: AGCCGAGAACCGAGTAGAGAG

122 60 NM_000349

Caspase-3 Forward: ATGGAAGCGAATCAATGGACTC

Reverse: CTGTACCAGACCGAGATGTCA

138 60 NM_032991

Bcl-2 Forward: GAACTGGGGGAGGATTGTGG

Reverse: CCGGTTCAGGTACTCAGTCA

124 60 NM_000633

Bax Forward: GGGTGGTTGGGTGAGACTC

Reverse: AGACACGTAAGGAAAACGCATTA

191 60 NM_004324

GAPDH Forward: CATGAGAAGTATGACAACAGCCT

Reverse: AGTCCTTCCACGATACCAAAGT

113 60 NM_002046
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THP-1 derived macrophages that were infected with

recombinant adenovirus encoding Ad-StAR at a multi-

plicity of 50 pfu/cell for 48 h expressed high levels of

StAR mRNA and protein but did not exhibit evidence of

cell toxicity. Real-time RT-PCR analysis showed that

infection with Ad-StAR increased StAR mRNA levels by

460-fold in the absence of Ox-LDL and 620-fold in the

presence of Ox-LDL respectively in the THP-1 cells

(Fig. 1e). Western blot analysis showed one major immu-

noreactive band with a molecular weight of 30 kDa (lower

band), which was consistent with StAR mature protein, and

a second band with the molecular weight of 37 kDa (upper

band), which was consistent with a precursor form

(Fig. 1f). It showed that Ad-StAR infection increased the

StAR protein levels about 120-fold in the absence of

Ox-LDL and 145-fold in the presence of Ox-LDL respec-

tively. A summary of the data normalized to b-actin is

shown in the lower panel of Fig. 1f.

Effect of StAR Overexpression on Morphology

of THP-1 Derived Macrophages and Foam Cells

Morphology changes of the cells with StAR overexpres-

sion in the presence or absence of Ox-LDL were assessed

by electron microscope. As shown in Fig. 2a–d, compared

with the cells infected with Ad-EGFP, chromatin con-

densation, margination, apoptotic body and lipid droplet

in the cells infected with Ad-StAR were significantly

decreased.

Effect of StAR Overexpression on Apoptosis in THP-1

Macrophages and Foam Cells Detected by DNA

Fragmentation

As shown in Fig. 2e, overexpression of StAR in THP-1

derived macrophages with or without Ox-LDL showed

much weaker ‘‘DNA laddering’’ representing integer

multiples of the internucleosomal DNA length (about

180–200 bp), which is indicative of apoptosis, compared

with the control cells infected with Ad-EGFP. It suggested

that StAR could inhibit THP-1 macrophage apoptosis.

Effect of StAR Overexpression on Apoptosis

and Necrosis in THP-1 Derived Macrophages

Detected by Flow Cytometric

THP-1 derived macrophages were randomized into the

following groups: negative control (no infection and no

staining); negative control used for detection of transfec-

tion efficiency (infected with Ad-EGFP but no staining);

control groups (infected with Ad-EGFP in the presence or

absence Ox-LDL, and staining with Annexin V-PE and

7-AAD); experiment groups (infected with Ad-StAR in the

presence or absence of Ox-LDL, and stained with Annexin

V-PE and 7-AAD). The number of apoptotic cells was

determined by flow cytometry as shown in Fig. 2f.

Ad-StAR infected cells without Ox-LDL dramatically

inhibited the apoptosis both in the early and end stage of

apoptosis (Fig. 2g). However, Ad-StAR infected cells

Fig. 1 StAR gene was

successfully overexpressed in

THP-1 derived macrophages.

THP-1 derived macrophages

were transfected with

recombinant adenovirus

encoding Ad-StAR and Ad-

EGFP. Then, the transfection

efficiency of StAR gene in

THP-1 macrophages was

detected by fluorescence

microscope (a–c) and flow

cytometry (d). The levels of

StAR mRNA (e) and protein (f)
were determined by real-time

RT-PCR and Western blot.

Cells infected with Ad-EGFP

were the controls; Non cells

incubated in serum-free media

without Ox-LDL; Ox-LDL with

25 lg/ml Ox-LDL in serum-free

media. *P \ 0.05; **P \ 0.01
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treated with 25 lg/ml Ox-LDL mainly inhibited apoptosis

at the end stage (Fig. 2h).

Effect of StAR Overexpression on Pro-

and Anti-Apoptotic Genes’ Protein Expression

The protein levels of Caspase-3 (Fig. 3b), Bax (Fig. 3c),

Bcl-2 (Fig. 3d) following StAR overexpression in THP-1

derived macrophages were detected by Western blot analysis

as shown in Fig. 3a. The pro-apoptosis protein Caspase-3

and Bax were decreased consistently by 0.6- (Non), 0.5-

(Ox-LDL), and 0.7- (Non), 0.6- (Ox-LDL) fold respectively,

while anti-apoptosis protein Bcl-2 was increased by

1.6- (Non) and 2.1- (Ox-LDL) fold in Ad-StAR infected

macrophages in the presence or absence of Ox-LDL.

Effect of StAR Overexpression on Pro-

and Anti-Apoptotic Genes’ mRNA Expression

The mRNA levels of the genes related to apoptosis were

determined by real-time RT-PCR after the cells had been

infected with the recombinant adenovirus for 48 h as

indicated. As shown in Fig. 4, the pro-apoptosis gene

Caspase-3 (Fig. 4a) and Bax (Fig. 4b) were decreased by

0.6- (Non), 0.7- (Ox-LDL), and 1.0- (Non), 0.4- (Ox-LDL)

fold respectively, while anti-apoptosis protein Bcl-2

(Fig. 4c) was increased by 1.4- (Non) and 1.5- (Ox-LDL)

fold in the Ad-StAR infected macrophages with or without

Ox-LDL. Because the Bax gene in the Ad-StAR infected

macrophages without Ox-LDL had no dramatic change, the

Bax/Bcl-2 ratio was assessed, and the result was shown in

Fig. 2 Effect of StAR on THP-1

macrophages and foam cells

apoptosis. THP-1 derived

macrophages were incubated

with or without 25 lg/ml

Ox-LDL for 24 h following

infection with recombinant

adenovirus encoding Ad-CMV-

EGFP and Ad-CMV-StAR at a

multiplicity of 50 pfu/cell.

Then, THP-1 macrophages and

foam cells morphological

changes were analyzed by

electron microscope (a–d) and

DNA ladder fragmentation was

detected on 1% agarose gel

electrophoresis (e). The number

of THP-1 macrophages

apoptosis was assessed by

FCM (f–h). Arrow chromatin

condensation, margination and

apoptosis body. Plus lipid

droplet or blebbing. Non cells

incubated in serum-free media

without Ox-LDL; Ox-LDL with

25 lg/ml Ox-LDL in serum-free

media. *P \ 0.05 versus EGFP.

**P \ 0.01 versus EGFP
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Fig. 4d. The Bax/Bcl-2 ratio was decreased to 0.7- (Non)

and 0.3- (Ox-LDL) in the Ad-StAR infected macrophages

with or without Ox-LDL.

Discussion

Macrophages play a key role in the initiation and pro-

gression of atherosclerosis. Lipid-laden cells (foam cells),

predominantly of monocytic origin, are a hallmark feature

of atherosclerotic plaques [4, 22, 23]. In advanced plaques,

necrotic lipid-filled cores are formed following the death of

macrophages and foam cells. Cytotoxic substances released

from these cells are thought to contribute to plaque desta-

bilization, which could then result in a clinical event such

as a heart attack or stroke [22, 24]. Therefore, targeting

the inhibition of apoptosis and necrosis of macrophages

and foam cells may present a therapeutic strategy for

atherosclerosis.

The StAR was first found in steroidogenic tissues. It could

transport cholesterol from the OMM into the IMM, where the

cholesterol side-chain cleavage enzyme, P450scc, is located.

This enzyme catalyzes the first and rate-limiting step in

steroidogenesis converting insoluble cholesterol to soluble

pregnenolone [11, 25, 26]. In recent years, it was reported that

StAR was also expressed in the non-steroidogenic tissues such

Fig. 3 Effect of StAR on

Caspase-3, Bax and Bcl-2

protein expression. After

transfection and treatment with

or without Ox-LDL, total cell

lysates of THP-1 derived

macrophage were extracted for

determination the protein levels

of Caspase-3, Bax and Bcl-2.

Non cells incubated in serum-

free media without Ox-LDL;

Ox-LDL with 25 lg/ml Ox-LDL

in serum-free media. *P \ 0.05

versus EGFP

Fig. 4 Effect of StAR on

Caspase-3, Bax and Bcl-2

mRNA expression. After

transfection and treatment with

or without Ox-LDL, total RNA

of THP-1 derived macrophage

was extracted for determination

the mRNA levels of Caspase-3,

Bax and Bcl-2. Non cells

incubated in serum-free media

without Ox-LDL; Ox-LDL with

25 lg/ml Ox-LDL in serum-free

media. *P \ 0.05 versus EGFP.

**P \ 0.01 versus EGFP
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as liver, vascular endothelial cells and macrophages, and it

plays an important role in the maintenance of intracellular

lipid homeostasis [10, 21, 27]. Overexpression of StAR

in these tissues decreases lipid levels (both cholesterol and

triglyceride) and inflammatory factors. However, the effect of

StAR on apoptosis is still not clear yet.

In the current research, we provided convincing evi-

dence that StAR inhibits macrophage and foam cell

apoptosis, the number of apoptotic cells was significantly

lower compared with the control groups after overexpres-

sion of StAR, which was consistent with the TUNEL

results of Ning et al. [12]. Apoptotic cells had typical

morphological and biochemical characteristics, including

shrinkage of the cells, chromatin condensation, margin-

ation, apoptosis body, and oligonucleosomal fragmentation

of nuclear DNA as shown in Fig. 2a–d [28, 29].

Ox-LDL is taken up by macrophages, leading to the

accumulation of high levels of intracellular cholesterol and

the transformation of macrophages into lipid-laden foam

cells [1, 4, 30]. Increasing numbers of reports indicate that

Ox-LDL is cytotoxic to macrophages and contributes to

macrophage apoptosis [31–33], which may relate to down-

regulating expression of the anti-apoptotic genes Bcl-2 and

up-regulating the pro-apoptotic genes Bax and Caspases

[34–37]. However, in the present study, the apoptotic

index, including morphology, DNA ladder, and the quan-

tity of apoptotic and necrotic cells, in groups treated with

or without Ox-LDL were not obviously different. Fewer

THP-1 macrophages undergoing apoptosis both in the early

and the end stage were observed in the cells infected with

Ad-StAR without Ox-LDL. However, the apoptosis in the

cells infected with Ad-StAR with Ox-LDL only occurred in

the end stage (Fig. 2f–h), which can partly be explained by

the difference in transfection efficiency between the groups

with and without Ox-LDL.

To better understand the mechanism of StAR overex-

pression inhibiting apoptosis in the THP-1 macrophages

and foam cells, we determined the protein and mRNA

expression of the genes related to apoptosis by Western

blot and real-time RT-PCR. The results showed that

compared with the control groups, the expression of pro-

apoptotic proteins including Caspase-3 and Bax were

lowered 0.6- (without Ox-LDL), 0.5- (with Ox-LDL) and

0.7- (without Ox-LDL), 0.6- (with Ox-LDL) fold respec-

tively, while the anti-apoptotic protein Bcl-2 level

increased to 1.6- (without Ox-LDL) and 2.1- (with

Ox-LDL) fold. The change of mRNA levels was consistent

with that of protein levels.

As a cholesterol delivery protein, StAR regulates the

formation of oxysterols in the mitochondria [38]. The gen-

erated oxysterols, including 27-hydroxycholesterol (27HC)

and 25-hydroxycholesterol (25HC), have been implicated in

the regulation of lipid metabolism. Li et al. [39] reported

cholesterol was delivered into mitochondria and hydroxylated

to 25HC and subsequently 3b-sulfated to form sulfated

25-hydroxycholesterol (25HC3S). Ma et al. has shown that

the 25HC3S increased cell proliferation and decreased

apoptosis in macrophages [40, 41]. Taking other reports and

our results together, we can state that the mechanism of

StAR inhibiting apoptosis in THP-1 macrophages and foam

cells is as follows: when cellular cholesterol levels are

increased in cells, cholesterol is delivered by StAR protein to

mitochondria, where it is hydroxylated to 25HC, then sul-

fated to 25HC3S, which decreases apoptosis by decreasing

the expression of pro-apoptotic genes including Caspase-3

and Bax and increasing the expression of the anti-apoptotic

gene Bcl-2.
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Abstract Many mammalian tissues and cells contain, in

addition to (diacyl) phospholipids, considerable amounts of

plasmalogens, which may function as important antioxi-

dants. Apart from the ‘‘scavenger’’ function mediated by the

high sensitivity of the vinyl-ether bond, the functional role

of plasmalogens is so far widely unknown. Furthermore,

there is increasing evidence that plasmalogen degradation

products have harmful effects in inflammatory processes. In

a previous investigation glycerophosphocholine (GPC)

formation was verified as a novel plasmalogen degradation

pathway upon oxidation with hypochlorous acid (HOCl),

however these investigations were performed in simple

model systems. Herein, we examine plasmalogen degra-

dation in a more complex system in order to evaluate if GPC

generation is also a major pathway in the presence of other

highly unsaturated glycerophospholipids (GPL) represent-

ing an additional reaction site of HOCl targets. Using

MALDI–TOF mass spectrometry and 31P NMR spectros-

copy, we confirmed that the first step of the HOCl-induced

degradation of GPL mixtures containing plasmalogens is

the attack of the vinyl-ether bond resulting in the generation

of 1-lysophosphatidylcholine (lysoPtdCho) or 1-lysopho-

sphatidylethanolamine. In the second step HOCl reacts with

the fatty acyl residue in the sn-2 position of 1-lysoPtdCho.

This reaction is about three times faster in comparison to

comparable diacyl-GPL. Thus, the generation of GPC and

glycerophosphoethanolamine (GPE) from plasmalogens are

relevant products formed from HOCl attack on the vinyl-

ether bond of plasmalogens under pathological conditions.

Keywords Boar spermatozoa � Glycerophosphocholine �
Glycerophosphoethanolamine � Hypochlorous acid �
Lysophosphatidylcholine �
Lysophosphatidylethanolamine � MALDI-TOF MS �
Plasmalogen � 31P NMR spectroscopy

Abbreviations

amu Atomic mass unit

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

2-DH-1-LPC 1-Lyso-2-docosahexaenoyl-

sn-glycero-3-phosphocholine

2-DH-1-LPE 1-Lyso-2-docosahexaenoyl-

sn-glycero-3-phosphoethanolamine

CerPCho Sphingomyelin

DPPA 1,2-Dipalmitoyl-sn-glycero-

3-phosphate

DPPC 1,2-Dipalmitoyl-sn-glycero-

3-phosphocholine

GPC Glycerophosphocholine

GPE Glycerophosphoethanolamine

ChoGpl Choline glycerophospholipids

EtnGpl Ethanolamine glycerophospholipids

GPL Glycerophospholipid

PDHPCether 1-O-10-Palmityl-2-docosahexaenoyl-

sn-glycero-3-phosphocholine

PDHPCplasm 1-O-10-Palmitenyl-2-

docosahexaenoyl-sn-glycero-

3-phosphocholine

PDHPEplasm 1-O-10-Palmitenyl-2-

docosahexaenoyl-sn-glycero-

3-phosphoethanolamine

PDPPEether 1-O-10-Palmityl-2-docosapentaenoyl-

sn-glycero-3-phosphoethanolamine
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PDPPCether 1-O-10-Palmityl-2-docosapentaenoyl-

sn-glycero-3-phosphocholine

PDPPCplasm 1-O-10-Palmitenyl-2-

docosapentaenoyl-sn-glycero-

3-phosphocholine

HOCl Hypochlorous acid

lysoPtdCho Lysophosphatidylcholine

lysoPtdEtn Lysophosphatidylethanolamine

LPL Lysophospholipid

MALDI-TOF MS Matrix-assisted laser desorption

& ionization time-of-flight mass

spectrometry

1-M-2-LPC 1-Myristoyl-2-lyso-sn-glycero-

3-phosphocholine

MPO Myeloperoxidase

MPO–H2O2–Cl- Myeloperoxidase-hydrogen peroxide-

chloride

SAPCplasm 1-O-10-Stearenyl-2-arachidonoyl-

sn-glycero-3-phosphocholine

SDHPCplasm 1-O-10-Stearenyl-2-docosahexaenoyl-

sn-glycero-3-phosphocholine

SDHPEplasm 1-O-10-Stearenyl-2-docosahexaenoyl-

sn-glycero-3-phosphoethanolamine

PakCho Plasmanyl choline

PakEtn Plasmanyl ethanolamine

PlsCho Plasmenyl choline

PlsEtn Plasmenyl ethanolamine

PtdCho Phosphatidylcholine

PtdEtn Phosphatidylethanolamine

PMNL Polymorphonuclear leukocytes

PNA para-nitroaniline
31P NMR 31P nuclear magnetic resonance

spectroscopy

POPC 1-Palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine

ROS Reactive oxygen species

SDHPC 1-Stearoyl-2-docosahexaenoyl-

sn-glycero-3-phosphocholine

1-S-2-LPC 1-Stearoyl-2-lyso-sn-glycero-

3-phosphocholine

Introduction

Plasmalogens represent a glycerophospholipid (GPL) class

with a vinyl-ether moiety in the sn-1-position of the glyc-

erol backbone [1]. The marked reactivity of this group

renders plasmalogens subject to oxidation and imparts

potentially strong antioxidative properties to these phos-

pholipids [1, 2]. Compared to their 1-acyl analogues, plas-

malogens are more susceptible to oxidative damage [3, 4].

Therefore, their supposed function as ‘‘scavengers’’ [5] can

be explained by the direct reaction between atmospheric

oxygen or—in particular—reactive oxygen species (ROS)

and the vinyl-ether moiety [5, 6]. In binary mixtures of

plasmenylcholine (PlsCho) and phosphatidylcholine (Ptd-

Cho), selective oxidation of PlsCho by hypochlorous acid

(HOCl) followed by the formation of lysophosphatidyl-

choline (lysoPtdCho) is obvious. The rate constant of the

reaction of plasmalogens with HOCl is approximately ten

times higher than the rate constant of the reaction of alkenes

with HOCl [7]. Double bonds of the fatty acyl residue

present in the sn-2 position of the resulting lysoPtdCho

are secondary HOCl targets leading to the production of

lysoPtdCho-chlorohydrins. Unsaturated lysoPtdCho species

are also more susceptible to oxidative attack than unsatu-

rated PtdCho [4].

The preferred destruction of plasmenyl-phospholipids in

membranes under oxidative stress is one possible expla-

nation of the physiological function of these compounds in

membranes: Plasmalogens are supposed to protect animal

cells against oxidative damage [2, 5, 6, 8–11], and are

regarded as natural antioxidants in lipoproteins [2].

Plasmalogens are also lipids involved in brain signal

transduction and synaptic function [12]. It has been shown

that a plasmalogen-selective phospholipase A2 (PLA2)

exists in the brain and that it is probably involved in the

regulation of the K? channels [13, 14]. The contribution of

plasmalogens to signal transduction was also demonstrated

in the heart where a special PLA2 selectively hydrolyzes

plasmalogen substrates [15], resulting in the production of

lysoplasmalogens and prostacyclin, important bioactive

products [16]. Furthermore, PlsCho vesicles are charac-

terized by changed molecular dynamic properties in com-

parison to their diacyl analogues underscoring the

biological significance of plasmalogens [17]. Experiments

using ethanolamine glycerophospholipids containing either

an ester or a vinyl-ether linkage at the sn-1 position indi-

cated that introduction of the vinyl-ether group increased

the tendency to give hexagonal phases [18].

Cellular membranes contain often 20%, in some cases

even more than 50%, of plasmalogen glycerophospholipids

[10]. There is a preponderance of plasmalogens in cardiac

sarcolemma [19]. In some sperm plasma membranes, highly

unsaturated compounds, such as 1-O-10-palmitenyl-2-doc-

osahexaenoyl-sn-glycero-3-phosphocholine (PDHPCplasm)

and 1-O-10-palmitenyl-2-docosapentaenoyl-sn-glycero-3-

phosphocholine (PDPPCplasm) are very abundant [20, 21].

In different mammalian tissues, the plasmalogen con-

centration decreases upon aging. A similar behaviour has

also been observed in patients with Alzheimer’s disease

(AD) [10, 22–25]. Plasmalogen deficiency may, thus, play

an important role in AD pathogenesis and altered plas-

malogen content may contribute to neurodegeneration,

synapse loss and synaptic dysfunction in AD [25].
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Concomitantly, an accumulation of plasmalogen oxidation

products such as a-hydroxyaldehydes and plasmalogen

epoxides is detectable [10, 24, 26, 27]. Finally, neuro-

pathological conditions (e.g. ischemia, spinal cord injury)

and chronic diseases such as atherosclerosis and myocar-

dial infarction are also characterized by membrane insta-

bility and increased oxidative damage [9, 23].

Although plasmalogen GPL can be basically regarded as

efficient antioxidants in vivo [11, 28–30], it is not known

so far, if the removal of reactive oxygen species compen-

sates the negative effects mediated by the plasmalogen

decrease and the related accumulation of plasmalogen

oxidation products [31].

At an inflammatory locus, HOCl is generated by mye-

loperoxidase (MPO), a heme-enzyme released from poly-

morphonuclear leukocytes (PMNL) [32]. HOCl reacts with

a variety of molecules including amino acids, proteins,

carbohydrates, nucleic acids and lipids [33–38]. Chloro-

hydrins are generated as the primary products when HOCl

reacts with the double bonds of unsaturated PtdCho

[38–40]. Additionally, a-chlorofatty aldehydes and 2-lyso-

phosphatidylcholines (2-lysoPtdCho) are characteristic

products of reactive chlorinating species produced by MPO

(or its products) targeting the vinyl-ether bond of plas-

malogens in cellular membranes [41–45].

Plasmalogens containing a polyunsaturated fatty acyl

residue at the sn-2 position are more sensitive to oxidative

modifications than their monounsaturated counterparts [7,

11, 46]. Free radical-induced oxidation of plasmalogen GPL

with esterified docosahexaenoic acid (DHA) at the sn-2

position occurs at both, the sn-1 and sn-2 position, accom-

panied by the formation of glycerophosphocholine (GPC)

[47]. Combined plasmalogen and 1-lysoPtdCho degradation

and subsequent GPC generation could be demonstrated in

artificial plasmalogens after HOCl-treatment, whereby

marked GPC formation occurred only in the case of highly

unsaturated 1-O-10-stearenyl-2-docosahexaenoyl-sn-glyce-

ro-3-phosphocholine (SDHPCplasm) and 1-O-10-stearenyl-

2-arachidonoyl-sn-glycero-3-phosphocholine (SAPCplasm)

[47]. However, these investigations are limited because there

was only a single artificial plasmalogen as target for HOCl

whereas under in vivo conditions there are many targets [47].

Therefore, the aim of this study was to extend the results

of our previous study [47], where the preferred reactivity of

the plasmalogen vinyl-ether group in comparison to ole-

finic residues was demonstrated. It is not yet known,

whether the unsaturated 1-lysoPtdCho or an intact diacyl

PtdCho exhibits a higher reactivity against HOCl. It was

also not known which role phosphatidylethanolamine

(PtdEtn) species—that are normally present in biological

systems—presumably play and which products may be

expected in their presence. To address these questions, we

examined the HOCl-induced plasmalogen degradation in

an artificial model mixture of polyunsaturated plasmalo-

gen-ChoGpl and PtdCho using a combination of MALDI–

TOF mass spectrometry and high resolution 31P-NMR

spectroscopy. We confirmed our results using a complex

biological lipid mixture from boar spermatozoa. Boar

spermatozoa were chosen because they contain large

amounts of polyunsaturated GPL (particularly DHA and

docosapentaenoic acid, DPA) as well as plasmalogens.

Under conditions of HOCl attack, we demonstrated a

marked increase in GPC formation from PlsCho in boar

spermatozoa, confirming that our model system is repli-

cated in a lipid mixture mimicking in vivo conditions.

Experimental Procedures

Chemicals and Samples

All chemicals for NMR spectroscopy (sodium cholate,

EDTA, and deuterated water with an isotopic purity of

99.6%), buffer preparation (NaH2PO4 9 H2O, Na2HPO4 9

2H2O and trishydroxymethylaminomethane, TRIS), and

matrix preparation (p-nitroaniline, PNA) as well as all

solvents (chloroform and methanol) and taurine (2-amino-

ethane-1-sulfonic acid) were obtained in the highest

commercially available purity from Fluka Feinchemikalien

GmbH (Taufkirchen, Germany). 1-O-10-stearenyl-2-doc-

osahexaenoyl-sn-glycero-3-phosphocholine (SDHPCplasm),

1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine

(SDHPC) and 1-O-10-stearenyl-2-docosahexaenoyl-sn-

glycero-3-phosphoethanolamine (SDHPEplasm), 1-stearoyl-

2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine

(SDHPE) as well as the internal standards 1-myristo

yl-2-lyso-sn-glycero-3-phosphocholine (1-M-2-LPC), 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-pal-

mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and

1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA) were pur-

chased from Avanti Polar Lipids (Alabaster, MA, USA) as

solutions in CHCl3 and used without further purification.

Boar spermatozoa lipid extracts were kindly provided by

Dr. Karin Müller and co workers from the Leibnitz Institute

for Zoo and Wildlife Research (Berlin, Germany). Boar

semen was obtained from different fertile animals of a

breeding station (Hermitage Deutschland GmbH Bes-

amungseberstation Golzow, Germany). After the removal

of seminal fluid by centrifugation (8 min, 7009g, 22 �C),

the sperm pellets were pooled and extracted according to

the method of Bligh and Dyer [48].

HOCl Incubation and Lipid Extraction

Two aliquots of the phosphatidylcholine (SDHPC) and

the corresponding plasmalogen glycerophosphocholine

Lipids (2010) 45:37–51 39
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(SDHPCplasm) dissolved in chloroform were mixed in an

equimolar ratio (each lipid 2 mM) and evaporated to dry-

ness. Vesicles (4 mM GPL in total) were prepared by

suspending the lipid film in a 50-mM phosphate buffer (pH

7.4) and vortexing vigorously for 30 s. A stock solution of

NaOCl was kept in the dark at 4 �C. Its concentration was

determined at pH 12 using e290 = 350 M-1 cm-1 for -OCl

[49]. NaOCl was diluted with phosphate buffered saline

(50 mM) immediately prior to use. Liposomes were incu-

bated with varying concentrations of HOCl/ClO- for 1 h at

pH 7.4. Adding an excess of taurine stopped the reaction.

Subsequently, twice the volume of a chloroform/methanol

mixture (2:1, v/v) was added in comparison to the aqueous

phase in order to extract the lipids [48]. Both, the organic

and the aqueous layer were used for further analysis.

Experiments with plasmalogen glycerophosphoethanol-

amine were performed in the same way. For the investi-

gation of the boar spermatozoa lipid extracts 4 mM lipid

vesicles (whole lipid extract; corresponding to approxi-

mately 0.6 mM plasmalogen-ChoGpl) were incubated with

NaOCl and processed as described above.

MALDI–TOF Mass Spectrometric Measurements

Positive ion MALDI–TOF mass spectra were acquired on a

Bruker Daltonics Autoflex workstation (Bremen, Germany).

The system utilizes a pulsed nitrogen laser emitting at

337 nm. The extraction voltage was 20 kV and 200 single

laser shots were averaged for each mass spectrum. In order

to enhance the spectral resolution, spectra were recorded in

the reflector mode under ‘‘delayed extraction’’ conditions

[50, 51]. Internal standards were added for quantitative

analysis [50–52]. Known amounts of DPPC and 1-M-2-LPC

were added to the organic phases of interest prior to

MALDI–TOF MS. Furthermore, GPC amounts were esti-

mated by comparison with the intensities of selected matrix

peaks [51, 53]. The organic or aqueous phases of the reaction

mixtures were applied to the MALDI target using PNA as

matrix [54]. For the investigation of the organic and aqueous

phases the ‘‘low mass gate’’ (matrix suppression) was set to

m/z = 400 and 150, respectively. All spectra were processed

using the software ‘‘Flex analysis’’ version 2.2 provided by

Bruker Daltonics.

31P-NMR Spectroscopic Measurements

The dried organic and aqueous layers of the reaction

mixtures were combined and solubilized [55, 56] in 50 mM

TRIS (pH 7.65) containing 200 mM sodium cholate and

5 mM EDTA. DPPA was added as the concentration and

frequency standard. After intense vortexing of the 0.5-ml

samples 31P-NMR spectra were recorded in 5-mm NMR

tubes on a Bruker DRX-600 spectrometer operating at

242.88 MHz for 31P. All measurements were performed

using a direct 31P/1H-NMR probe at 30 �C (303 K) with

composite pulse decoupling (Waltz-16) to eliminate 31P-1H

coupling. 31P-NMR spectra of the boar spermatozoa

extracts were additionally recorded at 60 �C (333 K). At

this temperature the sphingomyelin (CerPCho) resonance is

shifted to lower ppm values [57] and the GPC resonance

can be clearly resolved whereas the GPC and CerPCho

resonances overlap in the spectra recorded at 30 �C.

Other NMR parameters were as follows: experiment

time: 2–8 h, data size: 8 k, 60� pulse (6.7 ls), pulse delay

2 s, and a line broadening of 1 Hz.

All peak assignments were confirmed by comparison

with the shift of commercially available reference com-

pounds. Spectra were processed using the software ‘‘1D

WIN NMR’’ version 6.2� (Bruker Analytische Mess-

technik GmbH, Rheinstetten, Germany) including the

deconvolution (II) routine for peak area determination

[58].

Results

Artificial Lipid Model System

In order to start with a simple model system, an artificial

mixture of different commercially available GPL was used.

Artificial Mixture of Choline Glycerophospholipids

The plasmalogen glycerophosphocholine 1-O-10-stearenyl-2-

docosahexaenoyl-sn-glycero-3-phosphocholine (SDHPCplasm)

and the PtdCho 1-stearoyl-2-docosahexaenoyl-sn-glycero-

3-phosphocholine (SDHPC) were investigated in the presence

of different amounts of hypochlorous acid. Plasmalogens and

PtdCho with highly unsaturated fatty acyl residues in the

sn-2-position were chosen because of their extreme sensitivities

to oxidative stress and their significant abundance in many

cells, particularly spermatozoa. Both species possess six double

bonds in the sn-2 position of their glycerol backbones but have

different linkage types in the sn-1 position.

Selected examples of the positive ion MALDI–TOF

mass spectra of the extracts of the reaction mixture are

shown in Fig. 1. Spectra of untreated ChoGpl are shown

in trace 1a. SDHPCplasm gives two major peaks at

m/z = 818.6 and 840.6 corresponding to the H? and Na?

adducts, respectively. Similarly, SDHPC shows also two

peaks at m/z = 834.6 and 856.6 corresponding to the H?

and Na? adducts. Spectra in Fig. 1 also exhibit additional

peaks at m/z = 468.3 and 490.3 corresponding to 1-M-2-

LPC. This compound was added to the organic phase as

internal standard to allow reliable quantitative evaluation

of the reaction products. POPC (m/z = 760.6 and 782.6)

40 Lipids (2010) 45:37–51
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was also added as internal standard for the quantitative

assessment of the higher mass range (data not shown). Two

different standards were used because compounds with

higher masses are characterized by more marked contri-

butions of heavier isotopes that lead to diminished peak

intensities. Spectra were scaled along the y axis with

respect to the intensity of 1-M-2-LPC. The POPC standard

is not shown because spectra were split to emphasize the

mass regions of interest.

The plasmalogen peaks were strongly diminished upon

treatment with 2.5 mM HOCl, whereas the peak intensities

of SDHPC remained nearly constant (trace 1b). Additional

peaks became detectable in the low mass region at

m/z = 568.3 and 590.3 corresponding to the H? and Na?

adduct of 1-lyso-2-docosahexaenoyl-sn-glycero-3-phos-

phocholine (2-DH-1-LPC).

After treatment with 10 mM HOCl (i.e. a fivefold molar

excess over the plasmalogen) the plasmalogen peaks (trace

1c) disappeared completely whereas the SDHPC peak is

still detectable. The peak intensities of the 2-DH-1-LPC

remained nearly constant, whereas additional peaks at

m/z = 524.3 and 546.3 corresponding to the H? and Na?

adduct of 1-stearoyl-2-lyso-sn-glycero-3-phosphocholine

(1-S-2-LPC) were generated. However, the intensities

of 2-DH-1-LPC were much higher in comparison to 1-S-2-

LPC. This is a clear indication of the much higher reac-

tivity of the vinyl-ether bond of the plasmalogens in

comparison to the ester linkages of common GPL. Chlo-

rohydrin formation (indicated by various 52 amu shifts as

there are several reaction sites [38]) is marginally observed

from SDHPC using HOCl concentrations of 5 mM and

higher (data not shown).
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Fig. 1 Positive ion MALDI–

TOF mass spectra of the organic

extracts of a mixture of

SDHPCplasm and SDHPC

(2 mM each) after incubation

with a buffer, b 2.5 and c
10 mM HOCl for 1 h at room

temperature (*25 �C). The

decrease of the plasmalogen-

ChoGpl (SDHPCplasm) and the

phosphatidylcholine (SDHPC)

with increasing HOCl

concentrations is shown at the

right hand side while the

lysophosphatidylcholine

generation (2-DH-1-LPC and

1-S-2-LPC) is shown at the left

hand side. Spectra were scaled

according to the integral

intensity of the 1-M-2-LPC

standard and the m/z values as

well as the peak assignments are

indicated. Spectra were split for

clarity
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The aqueous phases of the extracts of the incubation

mixture were also analyzed by MALDI–TOF MS (data not

shown). New peaks corresponding to GPC appeared at

m/z = 258.1 and 280.1 in the HOCl-treated samples [47]

but were completely absent in the control sample (data not

shown). This clearly indicates that GPC is a major oxida-

tion product of plasmalogens particularly if an excess of

HOCl is used. The GPC generation will be discussed below

in more detail.

In order to evaluate the relative contributions of 1-S-2-

LPC, 2-DH-1-LPC and GPC, these products were quanti-

fied in dependence on the concentrations of HOCl used

(data not shown, but see data obtained by 31P-NMR as

given below). Intensities of the peaks of interest were

related to the intensities of the internal standards, i.e. the

sum of the intensities of the H? and Na? adducts of

1-myristoyl-2-lyso-sn-glycero-3-phosphocholine (m/z =

468.3 and 490.3) for 1-lyso-2-acyl-glycerophosphocholines

(Fig. 1), and the sum of the intensities of the H? and Na?

adducts of 1-palmitoyl-2-oleoyl-sn-glycero-phosphocho-

line (m/z = 760.6 and 782.6) for the plasmalogen-ChoGpl

and the PtdCho.

There are significant reactivity differences between

SDHPCplasm and SDHPC with HOCl. The peaks of the

plasmalogen SDHPCplasm decrease continuously with

increasing HOCl concentrations whereby the contribution

of 2-DH-1-LPC increases (Fig. 1). No plasmalogen could

be detected anymore at HOCl concentrations higher than

7.5 mM, whereas the SDHPC peaks did not decrease sig-

nificantly up to HOCl concentrations of 2.5 mM (Fig. 1,

trace b). The conversion of SDHPC into the chlorohydri-

nated fatty acid and 1-S-2-LPC started at HOCl concen-

trations of about 5 mM, whereas the formation of GPC

from plasmalogen was observed already at smaller HOCl

concentrations and increased continuously if higher HOCl

concentrations were used (data not shown). The proposed

three-stage pathway of the reactions of HOCl with the

PlsCho/PtdCho mixture relevant to Fig. 1 is schematically

shown in Fig. 2. The sequential oxidation of plasmalo-

gens to lysoPtdCho, which are important targets for the

subsequent HOCl-attack leading to the generation of

lysoPtdCho-chlorohydrins, is illustrated in this schema [4].

The reaction products of the SDHPCplasm/SDHPC mix-

ture subsequent to incubation with HOCl were additionally

analyzed by 31P-NMR spectroscopy. For that purpose, the

aqueous and the organic phases were evaporated to

dryness, recombined and solubilized in aqueous sodium

cholate. Selected 31P-NMR spectra of the mixture of

SDHPCplasm and SDHPC after incubation with different

amounts of HOCl are shown in Fig. 3. In trace a, the
31P-NMR spectrum of the mixture of both GPLs (incubated

with pure buffer in the absence of HOCl) is shown as

reference. There is only one peak representing the

combined resonances of SDHPCplasm and SDHPC at

d = -0.62 ppm because no differentiation in dependence

on the acyl or alkenyl residues can be made under the

applied experimental conditions. A survey of the spectral

resolution achievable by 31P NMR using the mixed micelle

approach is available in [58]. This spectrum (3a)

unequivocally proves the absence of even small amounts of

lysoPtdCho and GPC in the starting material.
31P-NMR spectra of the SDHPCplasm/SDHPC mixture

after treatment with HOCl are shown in traces b and c. The

intensities of the resonances of 2-DH-1-LPC and GPC

detected at -0.18 and 0.03 ppm, respectively, are

increasing in the presence of 2.5 mM HOCl (trace b). A

further increase of the 2-DH-1-LPC and GPC resonances

was observed if an increased excess of HOCl was used and

an additional peak corresponding to 1-S-2-LPC appeared at

-0.15 ppm (trace c). This compound is generated by the

release of oxidatively-modified docosahexaenoic acid from

the sn-2-position of SDHPC. Please note that a partial

migration of the fatty acyl residue from the sn-2 to the sn-1

position (minor peak at -0.33 ppm) takes place in mixed

detergent-GPL micelles [59]. Thus, a second very minor

resonance of the corresponding lysoPtdCho isomer is

detectable at -0.33 ppm but with much lower intensity

than the ‘‘real’’ lysoPtdCho. This has nothing to do with the

HOCl effect but is caused by a methodological reason [59].

The quantitative evaluation of the 31P-NMR data is

given in Fig. 4 whereby 0.5 mM DPPA was used as

internal standard (the 31P-NMR chemical shift is

d = 3.15 ppm i.e. this resonance is outside the presented

spectral range in Fig. 3). With increasing HOCl concen-

trations, the concentration of the SDHPCplasm/SDHPC

mixture decreases slowly (Fig. 4a, triangles). The con-

centration of 2-DH-1-LPC (Fig. 4a, rectangles) reaches a

maximum at about 5 mM HOCl. The decrease of the

SDHPCplasm/SDHPC resonance for about 1.25 mM corre-

lates with the 1.25 mM increase of the 2-DH-1-LPC at

5 mM HOCl. The subsequent slight decrease of the 2-DH-

1-LPC resonance at HOCl concentrations of 7.5 and

10 mM is consistent with the simultaneously detected GPC

generation (Fig. 4, trace b) and confirms the sequential

formation of 2-DH-1-LPC and GPC even in the presence

of an additional highly unsaturated PtdCho target. At the

highest HOCl concentrations (7.5 and 10 mM), the

generation of small amounts of 1-S-2-LPC derived

from SDHPC is evident (Fig. 4a, circles). The loss of

SDHPCplasm/SDHPC (1.9 mM) at 10 mM HOCl is con-

sistent with the sum of the concentration increase of 2-DH-

1-LPC (1 mM), 1-S-2-LPC (0.3 mM) and GPC (0.6 mM).

Thus, NMR data indicate a comparable behaviour as

already evidenced by MALDI–TOF MS (cf. Fig. 1). Even

if the detailed reasons of slight deviations between both

methods are not yet clear, it seems likely that chlorohydrin
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formation contributes to the observed differences: As pre-

viously shown [44], chlorohydrin formation is reflected by

many different peaks of rather low intensities if MALDI–

TOF MS is used, whereas in the case of NMR only

broadening of the GPL resonance under retention of the

integral intensity is observed.

Artificial Mixture of Phosphatidylethanolamines

For initial investigations of the HOCl-induced degradation

of GPL of boar spermatozoa lipid extracts that contain a

mixture of GPL, including PlsCho and PlsEtn, some selected

plasmalogen species were also investigated on a model level

after HOCl incubation by 31P-NMR spectroscopy. Selected
31P-NMR spectra of 1-O-10-stearenyl-2-docosahexaenoyl-

sn-glycero-3-phosphoethanolamine (SDHPEplasm) after

incubation with different concentrations of HOCl are shown

in Fig. 5. In order to prevent the aggregation of the PlsEtn in

the reaction mixture, these incubations were performed

in the presence of completely saturated DPPC (d =

-0.61 ppm) that does not react at all with HOCl. In trace a,

the 31P-NMR spectrum of SDHPEplasm incubated with pure

buffer in the absence of HOCl is shown as control and the

resonance of SDHPEplasm is obvious at d = -0.04 ppm.
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Fig. 2 Proposed three-stage

pathway of the preferred

cleavage of the sn-1

plasmalogen ChoGpl

accompanied by the generation

of 1-lyso-2-acyl ChoGpl and

a-chloro fatty aldehydes in a

plasmalogen/

phosphatidylcholine mixture. In

the second step, the formation

of chlorohydrin derivatives of

the polyunsaturated fatty acyl

residues in the sn-2 position

takes place leading finally (in

the third step) to the generation

of GPC in the case of the

plasmalogen and 2-lyso-1-acyl

glycerophosphocholine in the

case of the phosphatidylcholine.

R1 stearenyl residue, R2

docosahexaenoyl residue, R3

palmityl residue
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With increasing HOCl concentrations (2.5 mM) the inten-

sity of the SDHPEplasm resonance decreases continuously

whereby 2-DH-1-LPE (0.37 ppm) and GPE (0.57 ppm) are

generated (trace b). At the highest HOCl concentration

(10 mM, trace c) the SDHPEplasm resonance has completely

disappeared whereas the GPE resonance increased con-

comitantly with a decrease of the 2-DH-1-LPE resonance.

This is in agreement with the sequential formation of 2-DH-

1-LPE and GPE upon HOCl-treatment of polyunsaturated

fatty acid containing PlsEtn.

It is rather surprising that basically the same products are

obtained equally if plasmalogen-ChoGpl or -EtnGpl species

react with HOCl. In contrast to the plasmalogen-ChoGpl,

the -EtnGpl (as well as the lysoPtdEtn and the GPE) contain

an additional ‘‘free’’ amino group that possesses high

reactivity with HOCl [60]. The resulting mono- and di-

chloramines, however, are not very stable compounds and

decompose slowly under generation of further compounds

such as aldehydes or nitriles [60]. As the chemical shifts of

lysoPtdEtn and GPE do not markedly change under the

influence of HOCl, the question whether there is the intact

plasmalogen-EtnGpl and/or potentially chlorinated species

cannot be convincingly answered by means of 31P NMR.

Unfortunately, however, the detectability of chloramines by

MALDI–TOF MS is also difficult [61]. Therefore, this

question was not further addressed in this work.

ChoGpls and EtnGpls in a Model Mixture

For more detailed investigations of the HOCl-induced

degradation of GPLs in complex lipid mixtures such as

spermatozoa extracts, which contain not only plasmalogen-

ChoGpls and plasmalogen-EtnGpls but also their GPLs

mixtures mimicking a more complex lipid system, were

finally investigated by 31P-NMR spectroscopy. Selected 31P-

NMR spectra of an equimolar mixture of SDHPEplasm,

SDHPCplasm, 1-stearoyl-2-docosahexaenoyl-sn-glycero-

3-phosphoethanolamine (SDHPE) and SDHPC after

31P NMR chemical shift [ppm]

-0.9-0.7-0.5-0.3-0.10.10.3

(b)

(a) plasm-ChoGpl
+ PtdCho
(-0.62 ppm)

2-DH-1-LPC
(-0.18 ppm) migration-

product
(-0.33 ppm)GPC

(0.03 ppm)

(c)
1-S-2-LPC
(-0.15 ppm)

Fig. 3 242.88 MHz 31P-NMR spectra of the combined organic and

aqueous extracts of an SDHPCplasm/SDHPC mixture after incubation

with a buffer, b 2.5 mM and c 10 mM HOCl for 1 h at room

temperature. The plasmalogen and PtdCho concentrations were each

2 mM in all cases. Spectra were scaled according to the intensity of

the DPPA standard resonance (peak outside the shown chemical shift

range at 3.15 ppm). Peak assignments and the related chemical shifts

are indicated. Further methodological details are available in [58]
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Fig. 4 Quantitative analysis of the integral peak intensities deter-

mined from the 31P-NMR spectra provided in Fig. 3: The absolute

SDHPCplasm/SDHPC (triangles), 2-DH-1-LPC (rectangles) and 1-S-

2-LPC (circles) concentrations (a) as well as the GPC concentrations

(b) calculated by comparison with the integral intensity of the internal

standard (DPPA) are shown. Error bars represent standard deviations

of three independent measurements. The drawn lines were not derived

from a mathematical model but only represent spline curves to guide

the eye
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incubation with different concentrations of HOCl are shown

in Fig. 6. In trace a, the 31P-NMR spectrum of the reaction

mixture incubated with pure buffer in the absence of HOCl is

shown as control. The peaks appearing beside the resonances

of SDHPCplasm and SDHPC at d = -0.62 ppm represent

the resonances of SDHPEplasm (-0.04 ppm) and SCPE

(-0.07 ppm). With increasing HOCl concentrations

(2.5 mM) the intensities of the SDHPEplasm and the

SDHPCplasm/SDHPC resonance decrease continuously

whereby 2-DH-1-LPE (0.37 ppm) and 2-DH-1-LPC

(-0.18 ppm) are generated (trace b). At the highest HOCl

concentration (10 mM, trace c) the SDHPEplasm resonance

has completely disappeared whereas the GPE resonance

increased concomitantly with the GPC resonance. This

proves the sequential formation of 2-DH-1-LPE and GPE

concomitantly with 2-DH-1-LPC and GPC upon HOCl-

treatment of polyunsaturated plasmalogen-EtnGpls and

ChoGpls in the same reaction mixture.

A quantitative evaluation of the 31P-NMR data is given

in Fig. 7. As already outlined above, 0.5 mM DPPA served

as internal reference. With increasing HOCl concentra-

tions, the concentration of the SDHPCplasm/SDHPC reso-

nance decreases slowly (Fig. 7a, black triangles). The

concentration of 2-DH-1-LPC (Fig. 7a, black rectangles)

reaches a maximum at about 5 mM HOCl. The decrease of

the SDHPCplasm/SDHPC resonance for about 0.7 mM

correlates with the 0.7 mM increase of the 2-DH-1-LPC in

the presence of 5 mM HOCl. The subsequent decrease in

the 2-DH-1-LPC resonance at HOCl concentrations of 7.5

and 10 mM is consistent with the pronounced GPC

GPE
(0.57 ppm)

2-DH-1-LPE
(0.37 ppm) migration-

product

DPPC
(-0.61 ppm)

plasm-EtnGpl
(-0.04 ppm)

(a)

(b)

(c)

31P NMR chemical shift [ppm]
00.20.40.6 -0.2 -0.4 -0.6 -0.8

Fig. 5 242.88 MHz 31P-NMR spectra of the combined organic and

aqueous extracts of plasmalogen glycerophosphoethanolamine (in

combination with DPPC that was added to suppress the aggregation of

large EtnGpl aggregates) after incubation with a buffer, b 2.5 mM

and c 10 mM HOCl for 1 h at room temperature. The plasmalogen

concentration was 2 mM in all cases. Spectra were scaled according

to the intensity of the DPPA standard resonance (peak outside the

shown range at 3.15 ppm). All peak assignments and the correspond-

ing 31P-NMR chemical shifts are indicated

31P NMR chemical shift [ppm]

00.20.40.6 -0.2 -0.4 -0.6 -0.8

GPE
(0.57 ppm)

2-DH-1-LPE
(0.37 ppm)

(b)

(a)

(c)

2-DH-1-LPC
(-0.18 ppm)

migration-
product

GPC
(0.03 ppm)

plasm-EtnGpl
(-0.04 ppm)

plasm-ChoGpl
+ PtdCho
(-0.62 ppm)

1-S-2-LPC
(-0.15 ppm)

PtdEtn
(-0.07 ppm)

migration-
product

Fig. 6 242.88 MHz 31P-NMR spectra of the combined organic and

aqueous extracts of an SDHPCplasm/SDHPC and SDHPEplasm/SDHPE

mixture after incubation with a buffer, b 2.5 mM and c 10 mM HOCl

for 1 h at room temperature. The plasmalogen, PtdCho and PtdEtn

concentrations accounted for 1 mM in all cases. Further methodo-

logical details are available in [58]
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generation (Fig. 7, trace b, black rectangles) and confirms

the sequential formation of 2-DH-1-LPC and GPC from the

plasmalogen even in the presence of additional highly

unsaturated GPLs. At the highest HOCl concentrations

(7.5 and 10 mM) the generation of small amounts of 1-S-2-

LPC derived from SDHPC is also evident (Fig. 7b, black

circles). The SDHPCplasm/SDHPC concentration decrease

by 0.8 mM at 10 mM HOCl concentration agrees well with

the sum of the concentration increase of 2-DH-1-LPC

(0.5 mM), 1-S-2-LPC (0.25 mM) and GPC (0.07 mM).

Furthermore, the concentration of the SDHPEplasm res-

onance decreases with increasing HOCl concentrations

(Fig. 7a, white triangles). The concentration of 2-DH-1-

LPE (Fig. 7a, white rectangles) reaches a maximum at

about 5 mM HOCl. The decrease of the SDHPEplasm res-

onance by about 0.8 mM correlates with the 0.8 mM

increase of the 2-DH-1-LPE at 5 mM HOCl. The sub-

sequent decrease of the 2-DH-1-LPE resonance at the

highest HOCl concentrations of 7.5 and 10 mM is

consistent with the pronounced GPE generation (Fig. 7,

trace b, white rectangles) and confirms the sequential

formation of 2-DH-1-LPE and GPE even in the presence

of further highly unsaturated GPLs. The intensity of the

SDHPE resonance remains nearly constant upon HOCl

treatment (Fig. 7a, white circles). The SDHPEplasm con-

centration decrease by 1 mM at 10 mM HOCl concentra-

tion agrees well with the sum of the concentration increase

of 2-DH-1-LPE (0.85 mM) and GPE (0.14 mM).

Overall, the NMR data indicate only a slightly higher

reactivity of SDHPEplasm in comparison to SCPCplasm.

Boar Spermatozoa Extracts

Boar spermatozoa are characterized by a very high content of

ether linked and plasmalogen GPL. The most important

constituents are 1-O-10-palmitenyl-2-docosahexaenoyl-sn-

glycero-3-phosphocholine (PDHPCplasm) and 1-O-10-palmite-

nyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine

(PDHPEplasm) [20, 62].

Important ether-linked glycerophospholipids are 1-O-10-
palmityl-2-docosahexaenoyl-sn-glycero-3-phosphocholine

(PDHPCether), 1-O-10-palmityl-2-docosapentaenoyl-sn-gly-

cero-3-phosphocholine (PDPPCether) and 1-O-10-palmityl-

2-docosapentaenoyl-sn-glycero-3-phosphoethanolamine

(PDPPEether) [20]. Furthermore, boar spermatozoa contain

significant amounts of sphingomyelin (CerPCho) and dia-

cyl-PtdChos. However, a detailed investigation of the

reactivity of these compounds with HOCl was outside the

scope of this paper.

The 31P-NMR spectra of boar spermatozoa lipid extracts

after incubation with different concentrations of HOCl

measured at 303 K (left hand side) and 333 K (right hand

side) are shown in Fig. 8. These different temperatures

were chosen in order to demonstrate the significant reso-

lution increase under slightly different conditions. In trace

a, the spectrum of a boar spermatozoa lipid extract incu-

bated with pure buffer in the absence of HOCl is shown as

reference. This spectrum exhibits six major resonances

representing PlsCho and PtdCho (-0.62 ppm), PakCho

(-0.56 ppm), two different CerPCho resonances (CerPCho

14:0 d = -0.06 and CerPCho 16:0 d = 0.01 ppm),

plasmalogen–EtnGpl (-0.03 ppm) and ether–EtnGpl

(0.02 ppm). This is in agreement with the known GPL

composition of boar spermatozoa [20].

After incubation of the spermatozoa extracts with

increasing HOCl concentrations (2.5 mM, i.e. about

fourfold excess over the PlsCho, the PlsCho and PlsEtn

resonances decreased significantly and resonances corre-

sponding to the expected degradation products, the 2-DH-1-

LPC (-0.18 ppm) and 2-DH-1-LPE (0.37 ppm), became

detectable (Fig. 8, trace b). Furthermore, the PakCho reso-

nance (-0.56 ppm) decreases slightly and ether-lysoPtdCho
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Fig. 7 Quantitative analysis of the integral peak intensities of the 31P

NMR resonances provided in Fig. 6: The absolute SDHPCplasm/

SDHPC (black triangles) and 2-DH-1-LPC (black rectangles) con-

centrations as well as the absolute SDHPEplasm (white triangles), SCPE

(white circles) and 2-DH-1-LPE (white rectangles) concentrations (a)

as well as the GPC (black rectangles), GPE (white rectangles) and 1-S-

2-LPC (black circles) concentrations (b) calculated by comparison

with the integral intensity of the internal standard (DPPA) are shown.

Error bars represent standard deviations of three independent

measurements. The drawn lines were not derived from a mathematical

model but do only represent spline curves to guide the eye
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(-0.09 ppm) appears as a weak resonance. The intensities of

PlsCho and PlsEtn as well as PakCho and PakEtn were

additionally diminished after incubation with 10 mM HOCl

(Fig. 8, trace c), whereby the intensities of the ether derived

lysoPtdCho and lysoPtdEtn resonances increased slightly. In

contrast, the 2-DH-1-LPC and 2-DH-1-LPE resonances

remain nearly constant or decrease only slightly, respec-

tively. This observation can be explained by the formation of

GPC (0.01 ppm) and GPE (0.57 ppm) from unsaturated

1-lysoPtdCho and 1-lysoPtdEtn. Unfortunately, the reso-

nance of GPC overlaps with the peak of CerPCho 16:0 if the
31P-NMR spectra are recorded at 303 K. Therefore, all
31P-NMR spectra were additionally acquired at 333 K

(Fig. 8 right hand side). At 333 K the GPC peak can be

differentiated from the resonance of CerPCho containing

16:0, whereby, however CerPCho containing 16:0 overlaps

with PlsEtn (Fig. 8, trace a, right hand side). From the

spectra recorded at 333 K it is evident that weak GPC for-

mation is observed already after incubation with 2.5 mM

HOCl (trace b, right hand side). At HOCl concentrations of

10 mM the GPC resonance reaches its maximum intensity

(trace c, right hand side). This confirms the sequential for-

mation of 2-DH-1-LPC and GPC as well as of 2-DH-1-LPE

and GPE also upon HOCl-treatment of biologically relevant

boar spermatozoa lipid extracts, not only in simplified model

systems.

Additionally, the incubation of boar spermatozoa lipid

extracts with different HOCl concentrations was also

studied by MALDI–TOF MS. We focussed on PDHPCplasm

in order to confirm the 31P-NMR data. The PDHPCplasm
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(-0.01 ppm)
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14:0

(-0.08 ppm)

Fig. 8 242.88 MHz 31P-NMR spectra of the combined organic and

aqueous extracts of boar spermatozoa after incubation with a buffer,

b 2.5 mM and c 10 mM HOCl for 1 h at room temperature. The

spectra at the left side were acquired at 303 K whereas spectra at the

right side were recorded at 333 K. The boar phospholipid

concentration was about 4 mM in all cases. Spectra were scaled

according to the resonance of the used DPPA standard (peak outside

the shown frequency range at 3.15 ppm) and all peak assignments and

the chemical shifts are indicated. Vertical dotted lines indicate the

resonances undergoing the most pronounced changes
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peaks at m/z = 790.6 and 812.6 (initial concentration about

0.6 mM) disappeared nearly completely upon treatment

with 2.5 mM HOCl (data not shown). New peaks were

detectable in the low mass range at m/z = 568.3 and 590.3

corresponding to the H? and Na? adduct of 1-lyso-2-

docosahexaenoyl-sn-glycero-3-phosphocholine (2-DH-1-

LPC). After incubation with 10 mM HOCl the 2-C-1-LPC

peaks disappeared. Concomitantly, the peaks of GPC

(m/z = 258.1 and 280.1) appeared in the spectra of the

aqueous phases and increased with increasing HOCl con-

centrations (data not shown).

A quantitative evaluation of the data obtained by 31P

NMR is shown in Fig. 9. Only the fate of the PlsCho and

their related degradation products were quantitatively

analyzed. Unfortunately, however, the PlsCho resonance

overlaps with the PtdCho resonance in the 31P-NMR

spectra and, thus, both compounds can not be individually

analyzed. However, the intensity loss of PlsCho was

accompanied by an increase of the corresponding 2-DH-

1-LPC resonance. With increasing HOCl concentrations,

the PlsCho concentration decreases slowly (trace a, trian-

gles), whereby HOCl concentrations of 2.5 mM and higher

lead to marked degradation of PlsCho. The concentration

of 2-DH-1-LPC (trace a, rectangles) reaches a maximum at

about 5 mM HOCl. The subsequent decrease of the 2-DH-

1-LPC concentration in the presence of 7.5 and 10 mM

HOCl is consistent with marked GPC generation (trace 9b).

However, please note that GPC formation starts already

at HOCl concentrations of about 2.5 mM. This result

unequivocally proves the degradation of the initially

formed 2-DH-1-LPC from plasmalogen-ChoGpl and the

subsequent formation of GPC under the influence of HOCl.

This obviously also holds for complex biological lipid

mixtures where highly unsaturated GPL ‘‘substrates’’ are

additionally available for reaction with HOCl.

Discussion

The high sensitivity of plasmalogens—in particular their

vinyl-ether bond—to different ROS has been well docu-

mented [3]. In a previous study the degradation of PlsCho

by HOCl, a highly oxidative and chlorinating reagent

produced by MPO, a heme-enzyme which is released by

stimulated PMNL under inflammatory conditions could be

demonstrated. PlsCho containing highly unsaturated fatty

acyl residues (e.g. DHA) at the sn-2-position of the glyc-

erol backbone are degraded by HOCl to a higher extent

than PtdCho resulting in 1-lysoPtdCho as well as glycer-

ophosphocholine [47]. This confirms that the vinyl-ether

bond is the most oxidation-sensitive double bond in GPL

leading to 1-lysoPtdCho, whereas the highly unsaturated

acyl residue in the sn-2 position is less sensitive to ROS

and results in GPC generation. This holds at least for iso-

lated PlsCho model systems.

However, oxidative stress affects not only one substrate

or one particular GPL class. From the chemical view of

lipid oxidation all highly unsaturated acyl residues are

sensitive targets for HOCl. Consequently, the aim of this

study was to investigate which highly unsaturated acyl

chain is oxidatively modified to which extent by HOCl

treatment of a PlsCho and PtdCho mixture containing both

the same highly unsaturated fatty acyl residue, DHA, in

sn-2 position.

In addition to the expected 2-DH-1-LPC generation from

SDHPCplasm in a SDHPCplasm/SDHPC mixture, a secondary

reaction product—GPC—resulting from further degrada-

tion of 2-DH-1-LPC can be easily observed if only a slight

excess of HOCl is used. In contrast, only minor 1-S-2-LPC

generation (resulting from HOCl-induced degradation of
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Fig. 9 Quantitative analysis of the integral peak intensities of the 31P

NMR spectra shown in Fig. 8. The absolute plasmalogen-ChoGpl

(triangles) and the 2-DH-1-LPC concentrations (rectangles) (trace a)

as well as the absolute GPC concentrations (rectangles) (trace b)

determined by 31P-NMR spectroscopy and calculated according to the

known concentration of the DPPA internal standard are shown in

dependence on the HOCl concentration. Error bars represent standard

deviations of three independent measurements. In the case of the

2-DH-1-LPC the error bars are in the range of the symbol size. The

drawn lines were not derived from a mathematical model but do only

represent spline curves to guide the eye
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SDHPC) could be detected. The GPC generation from

SDHPCplasm or its degradation product, 2-DH-1-LPC, is

about three times more pronounced than the 1-S-2-LPC

generation from SDHPC in an equimolar mixture of

SDHPCplasm/SDHPC. This is remarkable because both

contain the same fatty acyl residue in the sn-2 position but

in complete agreement with former investigations [63].

Obviously, HOCl cleaves the unsaturated fatty acyl

chain preferentially in 2-DH-1-LPC rather than in SDHPC.

One possible explanation is the fact that the fatty acyl chain

in the sn-2 position of SDHPC is sterically shielded against

ROS attacks in comparison to the acyl chain in the sn-2

position of 2-DH-1-LPC. In contrast, the sn-2 position of

2-DH-1-LPC seems easily accessible for HOCl (leading

finally to GPC generation) when the residue in sn-1 posi-

tion is previously hydrolyzed by HOCl. However, it is so

far unknown if this in vitro effect is primarily caused by the

much smaller vesicular size of 2-DH-1-LPC in comparison

to SDHPC [58]. The generation of chlorohydrins as tran-

sients between the educt and the corresponding lyso com-

pound was also expected. As lipids with polyunsaturated

fatty acyl residues were exclusively used in this study,

many different chlorinated products can be expected.

High numbers of chlorination sites induce the cleavage of

the modified fatty acyl residues due to the considerable

electronegativity of the added chlorine [44]. Therefore,

the negligible generation of chlorohydrins is caused by

simultaneous generation of lysolipids. Additionally, the

large variety of chlorinated products results in very low

peak intensities per single product and, thus, poor

detectability.

Additionally, PlsEtn exhibited a similar reaction behav-

ior as PlsCho upon HOCl-treatment leading to 2-DH-1-LPE

and further GPE generation, whereby PlsEtn exhibited

apparently slightly higher reactivity than ChoGpl.

Subsequent to the evaluation of artificial GPL systems, a

more complex lipid system mimicking the complex lipid

mixtures of biological membranes was also investigated.

Many tissues and cellular membranes contain significant

amounts of plasmalogens. Spermatozoa membranes, espe-

cially boar spermatozoa [20], contain elevated amounts of

PlsCho and PlsEtn. Furthermore, they contain considerable

amounts of other highly unsaturated GPL, for instance

PakCho and PakEtn. The detection of alterations in the

concentration of selected lipid-derived metabolites can be

beneficial in the management of various pathological

conditions, including infertility in males [64], whereby the

GPC concentration in mammalian semen is considerable

and much higher than in other body fluids [65]. For this

reason, boar spermatozoa membrane lipid extracts were

investigated to translate the results of the PlsCho/PtdCho

mixture into a more complex, but also more relevant bio-

logical lipid mixture.

GPC is known as a water-soluble phosphodiester acting

as lysophospholipase inhibitor and represents, therefore, a

compound that decreases the phospholipid turnover [65,

66]. The GPL content of spermatozoa does not significantly

change but the GPC concentration increases during their

passage through the female genital tract [65]. Thus,

decreased plasmalogen levels are likely to result in

enhanced GPC concentrations that in turn enable lyso-

phospholipid reacylation and reduce the need of de novo

GPL synthesis [65]. Nevertheless, GPC accumulation is

efficiently regulated by the enzyme GPC: choline phos-

phodiesterase [67].

Aging or chronic inflammatory processes are charac-

terized by a significant decrease in the plasmalogen content

and concomitantly an accumulation of oxidation products

that are likely to disturb the sensitive balance between

apoptosis and necrosis [22, 68]. Exceedingly high necrosis

rates may result in spermatozoa damage and infertility.

Thus, the role of accumulated plasmalogen degradation

products under conditions of oxidative stress must be

studied in more detail. GPC and GPE are presumably also

relevant but so far underestimated oxidation products.

Summarizing, we were able to demonstrate that the

formation of GPC and GPE from PlsCho and PlsEtn,

respectively, occurs under in vitro and in vivo conditions

also in the presence of further highly unsaturated GPL. The

first step of the HOCl-induced degradation of GPL mix-

tures containing plasmalogens is surely the oxidation of the

vinyl-ether group resulting in the generation of 1-lyso-

PtdCho and 1-lysoPtdEtn. It could be shown that HOCl

subsequently affects the fatty acyl residue in the sn-2

position of 1-lysoPtdCho about three times more efficiently

than that of diacyl-GPLs.

Consequently, the generation of GPC and GPE from

plasmalogen-ChoGpls and -EtnGpl and their degradation

products (1-lysoPtdCho and 1-lysoPtdEtn) must be con-

sidered as highly relevant in biological membranes and

particularly under inflammatory conditions.
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Abstract Atherosclerosis contributes to disruption of

neuronal signaling pathways by producing lipid-dependent

modifications of brain plasma membranes, neuroinflam-

mation and oxidative stress. We investigated whether long-

term (11 weeks) consumption of refined- (ROO) and

pomace- (POO) olive oil modulated the fatty acid com-

position and the levels of membrane signaling proteins in

the brain of apolipoprotein E (apoE) knockout (KO) mice,

an animal model of atherosclerosis. Both of these oils are

rich in bioactive molecules with anti-inflammatory and

antioxidant effects. ROO and POO long-term consumption

increased the proportion of monounsaturated fatty acids

(MUFAs), particularly of oleic acid, while reducing the

level of the saturated fatty acids (SFAs) palmitic and

stearic acid. As a result, the MUFA:SFA ratio was

higher in apoE KO mice brain fed with ROO and POO.

Furthermore, both oils reduced the level of arachidonic and

eicosapentaenoic acid, suggesting a decrease in the gen-

eration of pro- and anti-inflammatory eicosanoids. Finally,

ROO and POO induced an increase in the density of

membrane proteins implicated in both the Gas/PKA and

Gaq/PLCb1/PKCa signaling pathways. The combined

effects of long-term ROO and POO consumption on fatty

acid composition and the level of signaling proteins

involved in PKA and PKC activation, suggest positive

effects on neuroinflammation and brain function in apoE

KO mice brain, and convert these oils into promising

functional foods in diseases involving apoE deficiency.

Keywords Apolipoprotein E knockout mice �
Dietary olive oils � Brain � Fatty acid composition �
Signaling proteins
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Introduction

Atherosclerosis, a main risk factor for ischemic stroke, is

today considered as a chronic inflammatory state [1]. A

critical event promoting atherosclerosis involves accumu-

lation and oxidation of LDL-derived lipids in the vascular

wall triggering a subsequent inflammatory response. The

release of pro-inflammatory cytokines and activation of

phospholipase A2 (PLA2) by macrophage foam cells in

developing atherosclerotic lesions alters brain lipid

metabolism and stimulates production of eicosanoids and

reactive oxygen species thereby favoring injuries in the

central nervous system (CNS) [2, 3].

Apolipoprotein E (apoE) is the main lipoprotein trans-

porter of cholesterol, phospholipids and polyunsaturated

fatty acids in the brain and mediates the binding of lipo-

proteins to cell surface receptors. Deregulated lipid

metabolism due to deficiencies in apoE may be of partic-

ular importance for CNS injuries and disorders, such as

Alzheimer’s disease (AD), as abnormalities in lipid

metabolism and peroxidation may contribute to the pro-

gression of neurodegeneration [4]. For this reason, apoE

knockout (KO) mice, originally developed for studies on

the pathogenesis of atherosclerosis, have become an

attractive animal model for studying the consequences of

an imbalance in lipid metabolism on brain function [5, 6].

Accordingly, brains from apoE KO mice show alterations

in the phospholipid and fatty acid composition when

compared with control mice [7], which could in part

explain the impairment in neurotransmitter-associated

signaling reported in these mice [8]. In this context,

impaired coupling of neurotransmitter receptors (e.g.,

muscarinic M1 receptors) to G proteins as well as reduc-

tions in protein kinase A (PKA), phospholipase C (PLC)

and protein kinase C (PKC) activities have been observed

in brain tissues from both patients with AD [9, 10] and

apoE KO mice [11].

The Mediterranean diet is characterized by the con-

sumption of olive oil (OO), which contains a high pro-

portion of the natural monounsaturated fatty acid (MUFA)

oleic acid (about 80%). The so-called ‘‘orujo’’ or pomace

olive oil (POO) is a sub-product of OO that is traditionally

commercialized in Spain and also rich in oleic acid (about

74%). The importance of high-oleic acid oils as an integral

component of the Mediterranean diet and its beneficial

influence on cardiovascular parameters is well known [12].

Indeed, there is evidence to suggest that OO is fundamental

for the beneficial influence of this diet on inflammatory

parameters [13]. In addition to fatty acids, ROO and POO

contain also minor quantities of other compounds in their

unsaponifiable fraction, such as tetra- and penta-cyclic

triterpenes (e.g., oleanolic and maslinic acid, erythrodiol

and uvaol), sterols and tocopherols. Several important

biological activities, e.g., antioxidant, anti-inflammatory,

vasodilatory and anti-tumoral effects, have been recently

attributed to these minor nutritional components [14–17].

Moreover, new improved procedures for POO extraction,

through centrifugation and additional refining, permit us to

concentrate significant amounts of them in the final product

[18]. Accordingly, long-term consumption ([8 weeks) of

diets enriched in OO and POO delayed the progression of

atherosclerosis in apoE KO mice by modifying plasma

lipids and pro-inflammatory parameters as well as by

increasing antioxidant defenses [19–22]. Nevertheless, lit-

tle is known about the influence of these dietary oils on the

pathologically altered fatty acid composition in the brain

and the signaling proteins implicated in neurotransmission

in this animal model.

Therefore, the purpose of the present study was to

examine the changes in lipid composition and pivotal sig-

naling proteins in the brain of apoE KO mice. The content

of the different fatty acid types was measured in this model

after long-term consumption of refined OO (ROO) and

POO (Table 1). Furthermore, we also analyzed whether the

observed changes in lipid composition were accompanied

by variations in membrane proteins implicated in G protein

signaling pathways that lead to activation of PKA and PKC

in the brain.

Table 1 Composition of the refined (ROO) and pomace olive oil

(POO)

Component ROO POO

Erythrodiol ? Uvaol 0.0017 0.050

Maslinic acid 0 0.011

Squalene 0.26 0.25

Total phytosterols 0.112 0.224

Total tocopherols 0.022 0.098

Waxes 0.012 0.34

Fatty acids

Myristic (14:0) 0.02 0.02

Palmitic (16:0) 10.98 10.29

Stearic (18:0) 3.53 2.95

Arachidic (20:0) 0.42 0.45

Behenic (22:0) 0.12 0.17

Lignoceric (24:0) 0.05 0.07

Palmitoleic (16:1) 0.82 0.76

Oleic (18:1) 77.80 74.27

Gadoleic (20:1) 0.25 0.33

Linoleic (18:2n-6) 4.52 8.07

Linolenic (18:3n-3) 0.62 0.70

Saturated 15.12 13.95

Monosaturated 78.87 75.36

Dietary components are expressed as g% (w/w). Values are means

± SEM of three determinations. SEM values were less than 0.01%
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Experimental Procedures

Animals and Diets

Homozygous apolipoprotein E knockout mice (apoE KO),

hybrids of C57BL/6J and 129Ola strains, were bred at the

‘Unidad Mixta de Investigación’, Zaragoza. Twenty-six

males, aged two months were fasted overnight, anesthe-

tized with isofluorane, and blood samples were obtained by

retroorbital bleeding to estimate the initial plasma choles-

terol and triglycerides. Three random groups with equiva-

lent plasma cholesterol and triglycerides were housed in

sterile filter-top cages in rooms maintained on a 12-h light/

12-h dark cycle. Animals had ad libitum access to food and

water. The study protocol was approved by the Animal

Research Ethical Committee at the University of Zaragoza.

Body weights and food intake were recorded throughout

the experiment.

Mice were maintained on normal chow: Teklad Mouse/

Rat Diet no. 2014 (Harlan Teklad, Harlan Ibérica, Barce-

lona, Spain). Three study groups were set up: (a) a control

group fed on chow alone (n = 9), (b) a group that received

freshly prepared refined olive oil (ROO, 10% w/w) from

our pilot plant along with chow diet (n = 9), and (c) a

group that received pomace olive oil (POO, 10% w/w) in

their diet (also called ‘‘orujo olive oil’’) (n = 8) as

described previously [20]. All diets were prepared weekly

and stored in N2 atmosphere at -20 �C, fresh food was

provided daily. Animals were fed on experimental diets for

11 weeks and all diets were well tolerated. To determine

their composition, both olive oils were analyzed following

the standard regulations of the European Union [23].

Briefly, phytosterols and triterpenic dialcohols (erythrodi-

ol ? uvaol) were separated by thin-layer chromatography,

whereas the pentacyclic triterpene acid fraction (maslinic

acid) was isolated by solid-phase extraction [18]. After-

wards, the compounds were analyzed by gas chromatog-

raphy. Total tocopherols were determined by the IUPAC

2432 method [24]. Table 1 shows the composition of the

different olive oils. At the end of the experimental period

and after fasting overnight, animals were sacrificed by

suffocation in CO2 and left brain tissue was rapidly frozen

in liquid N2.

Analysis of Total Brain Fatty Acids

To analyze fatty acids, lipids were extracted from 100 mg

of brain tissue as described elsewhere [25] using 2,6-di-

tert-butyl-p-cresol (BHT) as an antioxidant. The extracted

lipids were redissolved in 1 mL of chloroform:methanol

(2:1, v/v) and maintained at -20 �C until use. Lipids were

transmethylated and the resulting fatty acid methyl esters

(FAMEs) were analyzed by gas chromatography as

described previously [26]. Individual FAMEs were identi-

fied by comparing the retention times with that of

standards.

Immunoblot Analysis and Quantification

of Membrane-Associated Signaling Proteins

in the Brain

Quantitative immunoblotting of G proteins, PLCb1 and

protein kinases (PKA and PKCa) was carried out in brain

homogenates. Briefly, total brain proteins were solubilized

and fractionated by SDS–polyacrylamide (10%) gel elec-

trophoresis, and then transferred to membranes by western

blotting. The following primary antibodies were used to

detect the distinct proteins: anti-Gas (1:350), anti-Gaq/11

(1:5,000) and anti-Gao (1:5,000) all from Santa Cruz

Biotechnology (USA), and anti-PKAcata (1:1,000),

PKARIIa (1:1,000), PKARIIb (1:5,000), anti-PLCb1

(1:1,000) and anti-PKCa all from BD Transduction Labo-

ratories (Heidelberg, Germany). The quantification of the

labelling was performed by image analysis using at least

four standard curves of different protein contents loaded on

the same gels (i.e., total protein loaded vs integrated optical

density) [see 27, 28]. This quantification procedure was

repeated at least three times for each sample on different

gels. Values obtained from the groups supplemented with

ROO and POO were normalized to the protein content of

the control group (taken as 100%).

Statistical Analysis

Results are expressed as means ± SEM. One-way analysis

of variance (ANOVA) followed by Bonferroni’s test was

used for the statistical evaluations. Differences between

experimental groups were considered statistically signifi-

cant at a value of P \ 0.05.

Results

Effect of Chronic ROO and POO Consumption

on Brain Fatty Acid Composition

Long-term consumption of ROO and POO induced changes

in the fatty acid content of total lipids isolated from apoE

KO mice brain. After the 11-week period of ROO and POO

consumption, MUFA proportion had increased by 5.7 and

2.9%, respectively. When compared to control animals,

these changes meant relative increases of 23 and 12% in the

ROO and POO groups, respectively (Table 2). The differ-

ence was mainly due to an increase in the proportion of

oleic acid (18:1n-9). In contrast, ROO and POO consump-

tion decreased the amount of polyunsaturated fatty acids
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(PUFAs) by about 3.4%. This corresponded to a relative

decrease of at least 10% in both experimental groups when

compared to control animals (Table 2). Moreover, ROO

and POO consumption significantly decreased the content

of the saturated fatty acids (SFAs), stearic (18:0) and pal-

mitic (16:0) acid. These SFA’s diminished in the order of

1.5–2.7%, respectively, which represented a relative change

of 8–14% when compared to the control group. As a

result, after ROO and POO consumption the ratios of

MUFAs:PUFAs and MUFAs:SFAs were higher in apoE

KO mice brain (Table 2). Prior to ROO and POO con-

sumption, the proportion of araquidonic acid (AA) (20:4n-

6), a precursor in the production of pro-inflammatory

eicosanoids, was 10.85 ± 0.05% of the total fatty acids. In

contrast, ROO and POO consumption decreased AA pro-

portion by 19%, when compared to control animals. Inter-

estingly, the proportion of eicosapentaenoic acid (EPA)

(20:5n-3) and docosapentaenoic acid (DHA) (22:6n-3),

which are metabolized to potent anti-inflammatory

mediators, also decreased by around 10 and 16%, respec-

tively, in both experimental groups (Table 2).

Effects of Chronic ROO and POO Consumption

on Membrane Signaling Proteins in the Brain

To determine whether the changes in lipid composition

induced by long-term ROO and POO consumption affected

membrane-associated proteins, we measured the brain

levels of G proteins, PKA (IIa and IIb), PLCb1 and PKCa
by quantitative immunoblotting. These proteins are major

intracellular signaling proteins regulating brain function

and their interaction with membranes is sensitive to

membrane lipid composition. Long-term ROO consump-

tion induced a significant increase in the overall levels of

Gas and Gaq/11 in apoE KO mice brain when compared to

controls (75 ± 15 and 27 ± 5%, respectively, Fig. 1a, b).

Likewise, POO consumption also produced a significant

increase of these G protein levels (60 ± 10% for Gas,

Fig. 1a; and 59 ± 4% for Gaq/11, Fig. 1b). Interestingly, a

further increase in the levels of Gaq/11 was observed when

the diet was supplemented with POO (26 ± 3% when

compared to the ROO group, Fig. 1b). In contrast, no

significant changes were observed in brain Gao levels after

ROO or POO consumption (Fig. 1c).

Having observed that ROO and POO consumption

increased Gas and Gaq/11 levels, we set out to determine

whether proteins downstream of these G proteins were also

influenced by these dietary supplements. Hence, we ana-

lyzed the effects of ROO and POO consumption on PKA

(downstream of Gas), and on PLCb1 and PKCa (down-

stream of Gaq/11) levels. In agreement with the Gas pro-

tein data, we observed increased levels of the catalytic

(cata; 141 ± 7%) and the regulatory RIIa (134–141%) and

RIIb (149–152%) PKA subunits after chronic ROO and

POO consumption, when compared to control animals

(Fig. 2). Similarly, brain PLCb1 and PKCa levels also

increased significantly in both groups. The levels of PLCb1

augmented by 16 ± 6% in the ROO group and 21 ± 6% in

the POO group when compared to control animals

(Fig. 3a). Finally, PKCa levels were equally up-regulated,

albeit to a much higher extent, increasing 61 ± 9 and

109 ± 8% in ROO and POO groups, respectively

(Fig. 3b). As observed for Gaq/11 (Fig. 1b), long-term

POO consumption further increased brain PKCa levels

(30 ± 5%) when compared to ROO group (Fig. 3b).

Discussion

Deficiencies in apolipoprotein E (apoE) alter lipid

homeostasis and produce lipid modifications of plasma

membranes in the brain, in this way contributing to

Table 2 Fatty acid composition of the brain (% of total fatty acids)

Fatty Acid Control ROO POO

14:0 3.39 ± 0.02 3.17 ± 2.59 6.76 ± 5.17

14:1 2.09 ± 0.01 2.32 ± 0.02***## 2.16 ± 0.09

16:0 19.55 ± 0.09 16.85 ± 0.50** 16.91 ± 1.58**

16:1n-9 ? n-7 4.33 ± 0.00 5.10 ± 0.00***## 4.68 ± 0.24**

16:2n-7 2.69 ± 0.02 4.15 ± 0.05***### 3.58 ± 0.27***

18:0 18.65 ± 0.05 17.12 ± 0.75* 17.10 ± 1.08*

18:1n-9 ? n-7 17.94 ± 0.00 22.30 ± 0.81***## 20.17 ± 1.16**

18:2n-6 0.80 ± 0.01 0.51 ± 0.00 0.57 ± 0.05

18:3n-3 ND 0.39 ± 0.03 0.37 ± 0.03

20:0 1.06 ± 0.01 3.06 ± 0.07*** 2.37 ± 0.49***

20:1n-9 ? n-7 ND 0.33 ± 0.01 0.33 ± 0.01

20:4n-6 10.85 ± 0.05 8.77 ± 0.19*** 8.81 ± 0.88***

20:5n-3 3.20 ± 0.05 2.78 ± 0.02*** 2.90 ± 0.18**

22:6n-3 15.39 ± 0.13 12.84 ± 0.05*** 13.36 ± 1.21**

Total SFA 42.65 ± 0.15 40.19 ± 1.26 42.92 ± 2.83

Total MUFA 24.36 ± 0.01 30.05 ± 0.81***## 27.23 ± 1.53***

Total PUFA 32.94 ± 0.14 29.44 ± 0.42** 29.59 ± 2.11**

MUFA:SFA 0.57 ± 0.002 0.75 ± 0.04***# 0.64 ± 0.07

PUFA:SFA 0.77 ± 0.01 0.73 ± 0.03 0.70 ± 0.09

MUFA:PUFA 0.74 ± 0.003 1.02 ± 0.01***### 0.92 ± 0.06***

The values of total brain fatty acids from apoE KO mice are expressed

as the means ± SEM (n = 8–9)

ND Non detectable

* P \ 0.05

** P \ 0.01

*** P \ 0.001 versus control
# P \ 0.05
## P \ 0.01
### P \ 0.001 versus POO
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neurodegeneration [4]. ApoE knockout (KO) mice, an

animal model for studies on the pathogenesis of athero-

sclerosis, develop cognitive deficits resembling those of

Alzheimer’s disease (AD) and have become an attractive

animal model for studying the consequences of an imbal-

ance in the lipid metabolism on brain function [6, 29].

Indeed, important changes in cholesterol or phospholipid

membrane content, cholesterol membrane leaflet distribu-

tion, and degree of FA saturation, have been reported in

apoE KO mice brain [7, 30]. Interestingly, these alterations

could in turn affect cognitive performance of these mice

[8]. Furthermore, the brain of atherosclerotic apoE KO

mice is believed to be particularly vulnerable to oxidative

stress as it has lower antioxidant and anti-inflammatory

defenses, which leads to progressive brain cell damage and

decline in cerebral function [31].

In this work, we have analyzed the changes in both fatty

acid composition and membrane-signaling protein levels

induced by long-term (11 weeks) ROO and POO con-

sumption in apoE KO mice brain. These two olive oils

contained high concentrations of bioactive molecules, such

as tetra- and penta-cyclic triterpenes (erythrodiol ? uvaol

and maslinic acid), tocopherols and phytosterols (Table 1),

which are known to be essential for the beneficial influence

of the Mediterranean diet on inflammatory [15, 32] and

cardiovascular parameters [33], and which were recently

associated with a delay of atherosclerosis development in

apoE KO mice [20, 34]. In this context, particularly tri-

terpenes, such as oleanolic acid, improved not only brain

anti-inflammatory defenses but also ameliorated malfunc-

tioning neurological signs in an experimental animal model

for multiple sclerosis [35]. For these reasons, we

Fig. 1 G protein levels in apoE KO mice brain. Upper panels show

the levels of Gas (a), Gaq/11 (b) and Gao (c) in representative

immunoblots. Immunoreactive bands are representative of 8–9

animals per group. The columns show brain Ga subunit levels

quantified against standard curves and normalized to the protein

content of the control group (taken as 100%). ROO indicates values in

apoE KO mice after long-term ROO consumption and POO, values in

apoE KO mice after long-term POO consumption. *P \ 0.05,

**P \ 0.01 and ***P \ 0.001 versus control; ##P \ 0.01 versus

ROO group
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hypothesized that dietary ROO and POO supplementation

may also have positive effects on neuroinflammation and

brain function by modulating lipid composition and the

levels of signaling proteins in apoE KO mice brain.

After long-term ROO and POO consumption, the most

apparent difference in brain fatty acid composition was a

significant increase in the total amount of MUFA. This

increase was mostly due to a rise in the proportion of

oleic acid (Table 2), probably as a result of the high

amount of oleic acid present in both olive oils (Table 1).

It is known that higher MUFA:SFA ratio reduces mem-

brane microviscosity (i.e., increase membrane fluidity),

thereby enabling proteins involved in cellular signaling to

function together. In this context, the increase in the

MUFA:SFA ratio observed after ROO and POO could

account for some cognitive benefits by reverting the

pathologically altered membrane fluidity seen in the brain

of apoE KO mice [30]. On the other hand, dietary fatty

acids can also influence the production of eicosanoids,

which are implicated in inflammatory processes. The

activation of PLA2 in atherosclerotic lesions releases

arachidonic acid (AA), eicosapentaenoic acid (EPA), and

docosapentaenoic acid (DHA). Whereas AA is metabo-

lized to pro-inflammatory eicosanoids through the COX

pathway, a major pathway promoting inflammation, EPA

and DHA are mainly processed to molecules that have

important roles as inflammation inhibitors (e.g., resolvins)

[36]. Interestingly, ROO and POO consumption decreased

not only the level of AA, but also that of EPA and DHA

(Table 2), which most probably result in a decline of the

production of pro-inflammatory and compensatory anti-

inflammatory eicosanoids, suggesting a general reduction

in the degree of neuroinflammation in apoE KO mice

brain.

Fig. 2 PKA levels in apoE KO mice brain. Upper panels show

representative immunoblots for catalytic (PKAcata) (a) and regula-

tory IIa (PKARIIa) (b) and IIb (PKARIIb) (c) PKA subunit levels.

Immunoreactive bands are representative of 8–9 animals per group.

The columns show brain PKA subunit levels quantified against

standard curves and normalized to the protein content from controls

(taken as 100%). ROO indicates values in apoE KO mice after long-

term ROO consumption and POO, values in apoE KO mice after

long-term POO consumption. *P \ 0.05 and **P \ 0.01 versus

control
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The effects on lipid composition observed in apoE KO

mice brain fed with ROO and POO enriched diets were

accompanied by alterations in membrane-associated pro-

teins that influence the activation of brain PKA and PKC.

Significant increases in Gas/PKA levels were found in

apoE KO mice brain of both dietary groups (Figs. 1, 2).

Likewise, the levels of proteins, which participate in the

phosphoinositide signaling cascade, namely the Gaq/11

protein and the enzymes PLCb1 and PKCa, were also

up-regulated after long-term ROO and POO consumption.

Interestingly, POO increased brain Gaq/11 and PKCa
levels to a higher extent than ROO, which could be related

to the higher concentrations of triterpenes in POO [37].

PKA and PKC have been implicated in the phosphorylation

of many proteins, as well as in neurotransmitter release and

dopaminergic neurotransmission. Thus, the effect of the

intake of both oils on the levels of membrane proteins that

participate in cellular signaling (including G proteins,

PKA, PLCb1 and PKCa), suggests that they should

improve GPCR-induced neuronal signaling in apoE KO

mice. This would counteract the impaired neurotransmitter-

mediated signal transduction that has been reported in apoE

KO mice [8]. Indeed, reductions in the level and/or activity

of GPCR and their corresponding G proteins, as well as of

their down-stream effectors, such as PLC/PKC have been

reported in both neurodegenerative disorders associated

with apoE deficiency [9, 10] and in apoE KO mice [11].

Nevertheless, the participation of additional mechanisms in

these processes cannot be excluded.

In summary, long-term ROO and POO consumption

modulates brain fatty acid composition in apoE KO mice

and influences the levels of pivotal membrane proteins

implicated in the activation of PKA and PKC, suggesting

positive effects on neuroinflammation and brain function.

The combination of these two molecular effects might

convert ROO and POO oils into valuable functional foods

in diseases involving apoE deficiency. Further studies are

needed to evaluate in a direct way the efficacy of olive oil

consumption on cognitive function in such neurodegener-

ative diseases.
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Abstract Intravenous lipid constituents have different

effects on various biological processes. Some of these

effects are protective, while others are potentially adverse.

Phytosterols, in particular, seem to be implicated with

parenteral nutrition-associated cholestasis. The aim of this

study is to determine the amount of plant and animal sterols

present in lipid formulations derived from different oil

sources. To this end, animal (cholesterol) and plant

(b-sitosterol, campesterol, and stigmasterol) sterols in

seven different commercially available intravenous lipid

emulsions (ILEs) were quantified by capillary gas chro-

matography after performing a lipid extraction procedure.

The two major constituents of the lipid emulsions were

cholesterol (range 14–57% of total lipids) and b-sitosterol

(range 24–55%), followed by campesterol (range 8–18%)

and stigmasterol (range 5–16%). The fish oil-derived for-

mulation was an exception, as it contained only cholesterol.

The mean values of the different sterols were statistically

different across ILEs (P = 0.0000). A large percentage of

pairwise comparisons were also statistically significant

(P = 0.000), most notably for cholesterol and stigmasterol

(14 out of 21 for both), followed by campesterol (12 out

21) and b-sitosterol (11 out 21). In conclusion, most ILEs

combined significant amounts of phytosterols and choles-

terol. However, their phytosterols:cholesterol ratios were

reversed compared to the normal human diet.

Keywords Phytosterols � Cholesterol �
Intravenous lipid emulsions � Cholestasis �
Gas chromatography

Abbreviations

ILEs Intravenous lipid emulsions

TPN Total parenteral nutrition

PNAC Parenteral nutrition-associated cholestasis

LCT Long-chain triglycerides

MCT Medium-chain triglycerides

GC Gas chromatography

cGC Capillary gas chromatography

Introduction

Intravenous lipid emulsions (ILEs) are the source of fat

within total parenteral nutrition (TPN). The principal idea

behind their use is the prevention of essential fatty acid

deficiency. Only recently, due to the increasing interest in

lipids for therapeutic purposes, have new ILEs been

essayed and marketed, to offer potential new health bene-

fits or to modify metabolic derangements in diseases. ILEs

have been found to have positive effects in gastrointestinal,

pulmonary, cardiovascular, autoimmune, oncologic, and

critical care diseases. At the same time, they have been

blamed as possible causes of TPN-associated complica-

tions. Phytosterols, in particular, have been included in the
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list of toxic substances responsible for parenteral nutrition-

associated cholestasis (PNAC) [1–5].

So far, little is known on the main sterol components of

commercially available ILEs. The literature and the man-

ufacturers have focused on fatty acid composition and

possibly on other lipophilic substances such as diacylgly-

cerols, egg phosphatide, and a-tocopherol. Phytosterols, in

contrast, are often not even included in the list of main ILE

components, as their amounts have been reported as

minimal.

The aim of this study is to analyze the contents of the

most representative ILEs in great detail and to identify

their sterol profiles, including phytosterols.

Materials and Methods

Samples

Seven ILEs were selected based on their principal lipid

constituents (soy, safflower, olive oil, and fish oil):

Structolipid�, Intralipid�, Lipovenos�, Omegaven�

(Fresenius Kabi AG, Germany), Clinoleic� (Clintec,

France), Lipofundin MCT,� and Lipofundin S� (Braun,

Germany), all at 20% lipid concentration with the exception

of Omegaven�, which contains a 10% lipid amount. All the

ILEs have various long-chain triglycerides (LCT) from plant

or marine sources. In Lipofundin MCT�, medium-chain

triglycerides (MCT) are combined with LCT. Table 1 shows

the composition of each product.

Reagents, Solvents, and Standards

Chloroform (analytical reagent grade), n-hexane (analytical

reagent grade), methanol (Lichrosolv), diethyl ether, anhy-

drous sodium sulphate, potassium chloride, and potassium

hydroxide were supplied by Merck (Darmstadt, Germany).

Acetone (AnalaR�) was purchased from BDH (VWR

International Ltd., Leicestershire, UK). Bidistilled water and

silylating agents (pyridine, hexamethyldisilazane and

trimethylchlorosilane) were supplied by Carlo Erba

(Milano, Italy).

(24R)-Ethylcholest-5-en-3b-ol (b-sitosterol) (purity:

60% b-sitosterol and 30% (24R)-methylcholest-5-en-3b-ol

(campesterol)) was purchased from Research Plus

(Bayonne, NJ, USA). (24S)-Ethylcholest-5, 22-dien-3b-ol

(stigmasterol) (purity: 93%), cholest-5-en-3b-ol (choles-

terol) (purity: 99%), and 5a-cholestane (purity: 97%) were

purchased from Sigma (St. Louis, MO, USA). The purity of

the standards was controlled by gas chromatography (GC).

Lipid Extraction

Lipid extraction was performed using a modified version

[6] of the method by Folch et al. [7]. Two 10-ml volumes

of each ILE were sampled and homogenized with 200 ml

Table 1 Composition of the

tested intravenous lipid

emulsions

Name Composition

Structolipid� 20% Purified soy bean oil structured triglycerides 200 g/1,000 ml

Excipients: purified egg phospholipids, glycerol

Intralipid� 20% Soybean oil 200 g/1,000 ml

Egg yolk phospholipids 12 g/1,000 ml

Excipients: glycerol 22.5 g/1,000 ml

Clinoleic� 20% Mixture of purified olive oil (approximately 80%) and purified

soybean oil (approximately 20%) 200 g/1,000 ml

Excipients: purified egg phosphatides 12 g/1,000 ml, glycerol

22.50 g/1,000 ml, sodium oleate 0.30 g/1,000 ml

Lipovenos� 20% Soybean oil 200 g/1,000 ml

Egg phospholipids 12 g/1,000 ml [75–81%(3-sn-phosphatidylcholin)]

Glycerol 25 g/1,000 ml

Excipients: sodium oleate

Lipofundin MCT� 20% Soybean oil 100 g/1,000 ml, a-tocopherol

Medium-chain triglycerides (coconut) 100 g/1,000 ml

Excipients: egg yolk lecithin, sodium oleate, a-tocopherol

Lipofundin S� 20% Soybean oil 200 g/1,000 ml

Excipients: egg yolk lecithin, glycerol, sodium oleate, a-tocopherol

Omegaven 10% Purified fish oil 100 g/1,000 ml

Excipients: egg yolk lecithin, glycerol, sodium oleate, a-tocopherol
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of a chloroform:methanol solution (1:1, v/v) in a glass

bottle with screw-cap. Successively, the bottle was placed

at 60 �C for 20 min before adding 100 ml of chloroform.

After a 3-min homogenization, the content of the bottle

was filtered through filter paper. The filtrate was mixed

thoroughly with 100 ml of a 1 M KCl solution and left

overnight at 4 �C in order to achieve phase separation. The

lower phase was collected and transferred into another

Sovirel bottle. To dry the sample completely, 3–4 spoons

of anhydrous sodium sulfate were added. The bottle was

sealed and placed in darkness for 2 h at 4 �C. The organic

phase was further filtered through a layer of anhydrous

sodium sulfate with chloroform on filter paper, collected

into a pre-weighed flask, and dried using a vacuum rotary

evaporator (Buchi Rotavapor R, Switzerland) with a water

bath at 40 �C. The fat content was determined gravimet-

rically. The extracted fat was dissolved in hexane:isopro-

panol (4:1, v/v) and was held at -20 �C until analysis. The

lipid extraction procedure was performed three times per

sample.

Determination of Sterols

A 50-ll amount of the internal standard solution (1 mg of

5a-cholestane/ml) was added to a 250-mg lipid subfraction

of the Folch extract. Subsequently, the sample was dried

under nitrogen and treated with 10 ml of 1 N KOH solution

in methanol, in order to obtain a saponification at room

temperature for 18 h, in darkness and under continuous

agitation [8]. To extract the unsaponifiable matter, 10 ml of

water and 10 ml of diethyl ether were added to the sam-

ples, which were vigorously shaken. The diethyl ether

fraction was then separated; the extraction with 10 ml of

diethyl ether was repeated three times.

The three portions of diethyl ether were pooled, washed

twice with 5 ml of a 0.5 N KOH solution, washed once

with 5 ml of a 20% NaCl solution to remove any residual

emulsion, and extracted. A correct washing procedure must

lead to washing water having a pH \8. The ether extract

was added with anhydrous sodium sulfate, kept at 4 �C for

2 h, filtered using Whatman No. 1 filter paper, and

extracted again with 10 ml diethyl ether. The resulting

ether extract was evaporated using a vacuum rotary evap-

orator, dissolved in 1 ml of hexane:isopropanol (4:1, v/v)

and held at -20 �C until analysis.

One-fifth of the unsaponifiable matter was dried and

silylated, according to Sweeley et al. [9]. After 20 min at

40 �C, the sample was dried under a nitrogen stream and

dissolved in 100 ll of hexane. One microliter of the si-

lylated sample was analyzed by capillary gas chroma-

tography (cGC) for the sterol determination. The gas

chromatograph (HRGC 5300 Mega Series, Fisons, Rodano,

Italy) was equipped with a split/splitless injector and

a flame ionization detector. A fused-silica capillary column

(30 m 9 0.32 mm i.d. 9 0.25 lm film thickness) coated

with 100% dimethyl-polysiloxane (CP-Sil 5 CB Low

Bleed/MS, Chrompack-Varian, Middelburg, The Nether-

lands) was used. The oven temperature was programmed

to rise from 250 to 325 �C at a rate of 3 �C/min and held

for 10 min at 325 �C. The injector and detector temper-

atures were both set at 325 �C. Helium was used as the

carrier gas at a flow rate of 3 ml/min; the split ratio was

1:15.

Sterols were identified by comparing their retention

times with those of commercial sterol standards and by

spiking the silylated samples with a small amount of sily-

lated sterol standards.

Sterols were then quantified by comparing the peak

areas of the internal standard (5a-cholestane) and its con-

centration with the peak areas of the sample sterols. The

GC response factors of sterols with respect to the internal

standard were considered equal to 1.

Data Analysis

Two samples of each ILE underwent lipid extraction. For

each lipid extraction, in turn, sterol determination was

performed three times. GC data were stored and processed

with a Turbochrom Navigator acquisition system (Ver.

6.1.1.0.0:K20) (Perkin Elmer Instruments, Norwalk, CT,

USA). The means, standard deviations (SD), and coeffi-

cients of variability (CV) were then computed for the sterol

contents.

STATA Software v.3 (Santa Monica, CA, USA) was

used to perform one-way analysis of variance (ANOVA)

with multiple-comparison tests (using both the Bonferroni

and Scheffe’ options to validate results) at a 95% confi-

dence level (P \ 0.05) to identify differences among ILEs.

Results

The amount of extracted lipids was quantified and classi-

fied by type of sterols (animal: cholesterol, and plant:

b-sitosterol, campesterol, and stigmasterol). Animal and

plant sterols were differently represented across solutions,

with the latter generally accounting for a greater share than

the former. Chromatograms of the identified sterols are

shown in Fig. 1. For each ILE, Table 2 reports the presence

of each sterol as a percentage of the total amount of sterols;

Table 3 does the same with respect to phytosterols only;

Table 4 reports the presence of each sterol relative to the

overall quantity of fat as well as the ratio of plant to animal

sterols. Finally, Table 5 shows the mean content of each

sterol in each ILE, as well as the standard deviation and the

percent coefficient variation.
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Of the seven ILEs, Omegaven� is peculiar in that it

contains only cholesterol. Among the other six, cholesterol

and b-sitosterol were the main components, followed by

campesterol and stigmasterol, with the only exception

being Lipofundin S�. Structolipid� was the only solution

with more animal sterols than plant ones (56.6 vs. 43.4%).

Structolipid� and Intralipid� were the two ILEs with the

highest percentages of cholesterol (56.6 and 43.4%,

respectively) and the lowest percentages of b-sitosterol

(24.2 and 36.5%, respectively). Conversely, the ILEs with

the lowest percentages of cholesterol and the highest

percentages of b-sitosterol were Clinoleic� (32.2 and

55.2%, respectively), Lipovenos� (21.8 and 50.6%) and

Lipofundin S� (14 and 52%). Clinoleic� had the lowest

quantities of campesterol (7.8%) and stigmasterol (4.9%).

The average quantities of each sterol were found to be

statistically different across the ILEs (P 0.0000). The coef-

ficients of variation were small for all ILEs with the

exception of Lipofundin S�, whose variation coefficients

were large for all animal and plant sterols. With respect to

1 = cholesterol    2 = IS  dihydrocholesterol    3 = campesterol    4 = stigmasterol     5 = B sitosterol 
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each sterol, a multiple pairwise comparison between ILEs

confirmed statistically significant pairwise differences

(P 0.000) with few exceptions. Nonstatistically significant

pairwise comparisons between ILE means were particularly

frequent for b-sitosterol (10 out of 21, involving Structolipid�

Intralipid� Clinoleic� Lipovenos� and Lipofundin MCT�),
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followed by campesterol (9 out 21) and by cholesterol and

stigmasterol (both 7 out 21). The pairwise comparisons

which did not reach statistical significance are summarized

and included in Table 5.

Discussion

Scattered reports in the literature have linked PNAC to the

vegetable sterol components of ILEs [1–5]. Information on

the sterol contents of ILEs, however, is currently scanty.

The purpose of this paper has thus been to collect and

present some data on the sterols contained in the most

representative ILEs.

To this end, seven ILE formulations were selected as

being representative in terms of their main oil component

(soy, olive oil, fish oil variably combined with medium- or

long-chain fatty acids, and purified triglycerides). These

products were chemically analyzed to identify and quantify

their animal and plant sterol contents.

Table 2 Distribution of animal and plant sterols in intravenous lipid emulsions (average amounts)

Name % Cholesterol

(over total sterols)

% Campesterol

(over total sterols)

% Stigmasterol

(over total sterols)

% b-Sitosterol

(over total sterols)

Structolipid� 20% 56.6 10.5 8.7 24.2

Intralipid� 20% 43.4 9.8 10.2 36.5

Clinoleic� 20% 32.2 7.8 4.9 55.2

Lipovenos� 20% 21.8 14.3 13.3 50.6

Lipofundin MCT� 20% 22.5 14.7 15.0 47.9

Lipofundin S� 20% 14.0 17.7 16.3 52.0

Omegaven 10% 100 0 0 0

Table 3 Distribution of plant sterols in intravenous lipid emulsions

Name % Campesterol

(over total phytosterols)

% Stigmasterol

(over total phytosterols)

% b-Sitosterol

(over total phytosterols)

Structolipid� 20 g/100 ml 24.3 20.0 55.8

Intralipid� 20 g/100 ml 17.4 18.0 64.6

Clinoleic� 20 g/100 ml 11.5 7.2 81.4

Lipovenos� 20 g/100 ml 18.2 17.0 64.8

Lipofundin MCT� 20 g/100 ml 18.9 19.3 61.7

Lipofundin S� 20 g/100 ml 20.6 19.0 60.4

Table 4 Overall fat composition of the intravenous lipid emulsions

Name Fat % Cholesterol

mg/kg of fat

(mg/100 ml

solution)

Campesterol

mg/kg of fat

(mg/100 ml

solution)

Stigmasterol

mg/kg of fat

(mg/100 ml

solution)

b-Sitosterol

mg/kg of fat

(mg/100 ml

solution)

All plant sterols

mg/kg of fat

(mg/100 ml

solution)

Ratio

animal

to plant sterols

Plant

sterols ? cholesterol

mg/kg of fat

(mg/100 ml

solution)

Structolipid� 20% 20.8 1,795 (37.3) 334 (6.9) 275 (5.7) 768 (16.0) 1,376 (28.6) 1:0.8 3,171 (66.0)

Intralipid� 20% 20.8 1,209 (25.1) 274 (5.7) 283 (5.9) 1,017 (21.1) 1,574 (32.7) 1:1.3 2,783 (57.9)

Clinoleic� 20% 20.6 524 (10.8) 127 (2.6) 79 (1.6) 899 (18.5) 1,105 (22.7) 1:2.1 1,629 (33.6)

Lipovenos� 20% 21.0 452 (9.5) 295 (6.2) 275 (5.8) 1,049 (22.0) 1,619 (34.0) 1:3.6 2,071 (43.5)

Lipofundin MCT� 20% 21.1 357 (7.5) 233 (4.9) 238 (5.0) 761 (16.1) 1,233 (26.0) 1:3.5 1,590 (33.6)

Lipofundin S� 20% 21.0 458 (9.6) 582 (12.2) 537 (11.3) 1,706 (35.8) 2,825 (59.3) 1:6.2 3,283 (68.9)

Omegaven 10% 11.2 1,914 (21.5) 0 0 0 0 1:0 1,914 (21.5)
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All formulations had both animal and plant sterols, with

the exception of Omegaven�, which contained only cho-

lesterol. The source of cholesterol in these ILEs is egg

yolk. The relative weight of each sterol varied significantly

across formulations (P = 0.0000), with a large percentage

of pairwise comparisons being statistically significant

(P = 0.000), most notably for cholesterol and stigmasterol

(14 out of 21 for both). Only one solution (Structolipid�)

was found to have more animal (56.6%) than plant sterols,

but a large presence of cholesterol (43.4%) was also

detected in Intralipid�. Overall, the detection of large

cholesterol contents was a surprise, since egg phospholip-

ids were intended as a minor constituent of ILEs. Con-

versely, Clinoleic�, Lipofundin S�, Lipovenos�, and

Lipofundin MCT� showed to be rich in b-sitosterol, with

quantities ranging between 47.9 and 55.2% of total sterols.

The phytosterol contents of some ILEs differed from

those detected in other studies, in which a smaller range of

products and/or sterols was looked at. For Intralipid�, the

plant sterol concentrations we found are similar to

Ellegard’s [10], but lower than those reported in two other

studies [3, 11]. For Clinoleic�, phytosterols and cholesterol

quantities were once again similar to Ellegard’s. For

Structolipid�, however, we found twice as much choles-

terol as Ellegard (373 vs. 200 mg/l). No comparisons were

possible for the other ILEs due to lack of data in the

literature.

Within each set of extractions and determinations, the

measurements were highly consistent, although some

minimal differences did emerge. The small values of most

coefficients of variation suggest that the analyses were

executed appropriately. The occasionally high variation

coefficient can thus be ascribed not to methodological

issues, but to actual differences in quantities of sterols,

unsaturated fat, and tocopherols across batches of the same

product. Cross-batch variability may stem from both the

quality of the oil source and the extraction process itself.

Overall time and year of harvest, geographical source, and

climate may affect the amount of sterols present in the

ILEs. This amount may be further modified by refinement,

with a reduction of free sterols by up to 30% of their

original quantity [12]. Quantities of unsaturated fat and

tocopherols may change the ratio of free to esterified

sterols. The relatively high variation coefficient found in

Clinoleic� and Lipofundin S� may stem respectively from

the high content of oleic acid, which has been proven to be

unstable [13], and of tocopherols. Conversely, those ILEs

which are fully synthetized in a laboratory (e.g. Structoli-

pid�) or semisynthetic (e.g. Lipofundin MCT�) are more

stable. This is again reflected by the low variation coeffi-

cient. In addition, final cholesterol content of ILEs seems to

be strongly affected by the amount of egg phospholipids

added to the ILEs. This quantity has never been specified

by producers. Appropriate storage is another key factor in

Table 5 Summary statistics for sterol content in the intravenous lipid emulsions

Name Cholesterol Campesterol Stigmasterol b-Sitosterol

Mean (SD)

(mg/100 ml

solution)

CV (%) Mean (SD)

(mg/100 ml

solution)

CV (%) Mean (SD)

(mg/100 ml

solution)

CV (%) Mean (SD)

(mg/100 ml

solution)

CV (%)

Structolipid� 20% 37.3 (0.3) 0.9 6.9 (0.1) 1.2 5.7 (0) 0.6 16 (0.1) 0.7

Intralipid� 20% 25.1 (0.3) 1.0 5.7 (0.1)a 1.3 5.9 (0.4)a 6.2 21.1 (0.4)a 1.8

Clinoleic� 20% 10.8 (2.2) 20.6 2.6 (0.1)b 2.8 1.6 (0.1) 6.6 18.5 [1]a,b 5.7

Lipovenos� 20% 9.5 (0.3)c 2.8 6.2 (0.1)a,b 2.0 5.8 (0.2)a,b 2.9 22 (0.6)a,b,c 2.8

Lipofundin MCT� 20% 7.5 (0.1)c,d 1.1 4.9 (0.1)a,b,c,d 4.1 5.0 (0.1)a,b,d 1.3 16 (0.6)a,b,c,d 3.5

Lipofundin S� 20% 9.6 (1.3)c,d,e 13 12.2 (1.8) 14.9 11.3 (1.5) 13.50 35.8 (4.5) 12.6

Omegaven� 10% 21.5 (0.9)b 4 0c 0 0c 0 0 0

Number of nonstatistically

significant pairwise comparison

7 out 21 9 out 21 7 out 21 10 out 21

SD standard deviation

%CV percent coefficient of variation

The symbols identify nonstatistically significant pairwise comparisons between ILE means for each sterol with
a Compared to Structolipid�

b Compared to Intralipid�

c Compared to Clinoleic�

d Compared to Lipovenos�

e Compared to Lipofundin MCT�
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the fat variability of ILEs, which must be kept at a tem-

perature below 25 �C. In our case, the ILEs tested were

maintained below this temperature at all times. For this

reason, we did not check for sterol variability and peroxi-

dation over time. Finally, it is possible that the use of ethyl

ether in the lipid extraction may have caused sterol per-

oxidation. This possibility was not further investigated

because we believe that, ethyl ether being part of a cold

saponification, the use of low temperatures should have

prevented sterol oxidation.

We had an excellent separation of fats and the quantifi-

cation of stigmasterol, which previous studies had left unde-

termined. In Plat et al. [14], the presence of stigmasterol was

considered insignificant, and only sitosterol and campesterol

were identified. On the contrary,in our study, stigmasterol was

very well represented, to the point that its level was close to

that of campesterol in most solutions. Stigmasterol is a potent

antagonist of some hepatic nuclear receptor families, leading

to the development of biliary injuries, while sitosterol and

campesterol had minimal or insignificant inhibitory effects in

a human-derived liver cell line HepG2 [15]. In addition,

stigmasterol disrupts cholesterol homeostasis. Whether ILEs

with a high content of stigmasterol are crucial to the devel-

opment of PNAC is yet to be proven.

In humans, there is evidence of wide individual variations

in plant sterols [16]. Plasma levels of campesterol and

sitosterol (24-methyl and 24-ethyl analogue of cholesterol,

respectively) are high, followed by minimal amounts of

stigmasterol, ergosterol, avenasterol, and brassicasterol.

b-sitosterol is secreted as neutral sterol into bile more rap-

idly than cholesterol and other plant sterols [17]. This more

rapid fractional turnover of b-sitosterol may indirectly

indicate that the rigorous exclusion of sterols other than

cholesterol in vertebrates may be essential for the mainte-

nance of normal cholesterol homeostasis. It is therefore

particularly critical that, in all the solutions we analyzed, the

ratio of cholesterol to phytosterols is highly skewed toward

phytosterols, when compared to the amounts absorbed by a

healthy person on a standard diet. For a 70-kg adult on a

standard diet, the content of sterols is approximately

200–400 mg/day for phytosterols and 1,200–1,700 mg/day

for cholesterol. Of these, only 10–20 mg/day of phytosterols

and 300–500 mg/day of cholesterol are taken up by the

gastrointestinal system and brought to the liver, where they

are secreted into the bile. When the recommended intake of

1 g/(kg day) of fat is provided intravenously to a 70-kg

adult, on the other hand, the data presented in Table 4

translate into an intake of phytosterols in the range of

119–241 mg/day (about 10 times the normal amount

absorbed through the diet) and an intake of cholesterol in the

range of 26–129 mg/day (about one tenth of the amount

absorbed through the diet). This may explain why, in a study

performed in short-bowel patients with and without

parenteral nutrition and in controls, higher serum levels of

phytosterols were detected in those on parenteral nutrition

compared to those on oral intake or the controls [10].

Compared to controls, all the patients with short-bowel

syndrome appeared to have lower serum levels of choles-

terol, but higher endogenous cholesterol and bile acid

synthesis. In another case, a person with short-bowel

syndrome who had received home-parenteral nutrition for

over 27 years with soy-based ILE [18], serum cholesterol

remained surprisingly low (80–140 mg/dL; normal

range \200) even though phytosterols had not been

determined.

The fish oil-based ILE is the only formulation without

plant sterols. This could explain its beneficial effects on

liver functions, in terms of the reversal of PNAC in

humans, regularity of bile flow, and prevention of hepatic

lipogenesis in animals [19, 20]. These beneficial effects,

however, may also stem from the presence of cholesterol,

which may be more naturally suited to the human body.

Another explanation could be the lower supplementation of

lipids, in line with the recommended dosage of 1 g/(kg day).

If cholesterol is indeed beneficial, structured lipids could be

another option in the presence of PNAC. In our analysis,

we found a cholesterol to plant sterol ratio of 1:0.8, con-

firming a cholesterol predominence. However, the absolute

values of both sterols were high.

Our study is the first to determine the animal and plant

sterol quantities in ILEs originating from different oils. The

quanti-qualitative determinations of animal and plant

sterols will require further confirmation, especially in terms

of sample type and storage time, but they already suggest

the need for future research looking at the phytoster-

ols:cholesterol ratio and its association to liver dysfunction

during ILE infusions.
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Abstract Dyslipidemia has been documented worldwide

among human immunodeficiency virus-infected (HIV)

individuals and these changes are reminiscent of the met-

abolic syndrome (MetS). In South Africa, with the highest

number of HIV infections worldwide, HIV-1 subtype C is

prevalent, while HIV-1 subtype B (genetically different

from C) prevails in Europe and the United States. We

aimed to evaluate if HIV infection (subtype C) is associ-

ated with dyslipidemia, inflammation and the occurrence of

the MetS in Africans. Three hundred newly diagnosed

HIV-infected participants were compared to 300 age,

gender, body mass index and locality matched uninfected

controls. MetS was defined according to the Adult Treat-

ment Panel III (ATP III) and International Diabetes Fed-

eration (IDF) criteria. The HIV-infected group showed

lower high density lipoprotein cholesterol (1.23 vs.

1.70 mmol/L) and low density lipoprotein cholesterol (2.60

vs. 2.80 mmol/L) and higher triglycerides (1.29 vs.

1.15 mmol/L), C-reactive protein (3.31 vs. 2.13 mg/L) and

interleukin 6 (4.70 vs. 3.72 pg/L) levels compared to the

uninfected group. No difference in the prevalence of the

MetS was seen between the two groups (ATP III, 15.2 vs.

11.5%; IDF, 21.1 vs. 22.6%). This study shows that HIV-1

subtype C is associated with dyslipidemia, but not with a

higher incidence of MetS in never antiretroviral-treated

HIV-infected Africans.

Keywords HIV-1 subtype C � South Africa � African �
Metabolic syndrome � Dyslipidemia � Never-treated �
Inflammation
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AIDS Acquired immunodeficiency syndrome

ARV Antiretroviral
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HIV Human immunodeficiency virus
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hs-IL-6 High sensitivity interleukin-6

IDF International Diabetes Federation
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OR Odds ratios

PP Pulse pressure
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Introduction

Southern Africa accounts for almost a third of all new

human immunodeficiency virus (HIV) infections and

acquired immunodeficiency syndrome (AIDS) related

deaths worldwide, and an estimated 5.5 million people are

living with HIV in South Africa [1]. The predominant virus

responsible for these infections in South Africa is HIV-1,

group M (major), subtype C [2, 3], which accounts for 55–

60% of all HIV-1 infections worldwide [4, 5], and differ as

much as 30% in its genomes from HIV-1 subtype B,

responsible for the infections in North America, Europe

and Australia [2, 5, 6]. The clinical consequences of these

subtype variations still remain unclear [7].

Cardiovascular involvement in various forms, such as

dyslipidemia [8], lipodystrophy [9, 10], endothelial dys-

function [11], accelerated atherosclerosis [12] and coagu-

lation disorders [13] have been documented worldwide

among HIV-infected individuals. This involvement can be

associated with various factors, such as the infection itself,

opportunistic infections, the therapy or non HIV related

cardiovascular risk factors like smoking and age [14]. It is

well known that the lipid profile of HIV-infected individ-

uals changes, and these changes include increased levels of

triglycerides (TG), and decreased levels of total cholesterol

(TC), low-density lipoprotein cholesterol (LDL-C) and

high-density lipoprotein cholesterol (HDL-C) [12, 15–18].

It remains unclear what the relative contribution of the HIV

infection and the ongoing inflammation are to the blood

lipids [7, 19].

Some of the changes seen in HIV-infected individuals—

in particular low HDL-C levels, hypertriglyceridemia,

increased levels of visceral adipose tissue, plasma glucose

and insulin—are reminiscent of the metabolic syndrome

(MetS) [10]. The MetS has been identified as a significant

and multifaceted risk factor for cardiovascular disease

(CVD) [10, 20]. The above metabolic abnormalities are

among the most significant side effects experienced with

highly active antiretroviral (ARV) therapy, in particular

with protease inhibitors [10, 14, 21]. On the other hand, the

long term effects of the infection itself (as ARV therapy

can not completely eradicate HIV-1) have become

increasingly challenging [22] and may play a role in these

metabolic changes. This is seen in the study of Bonfanti

et al. [23] where the prevalence of the MetS was higher in

the HIV-infected individuals compared to the general

population, but was similar in treated and untreated

HIV-infected individuals.

Even though South Africa is the country with the largest

number of HIV infections in the world [1], to the best of

the authors’s knowledge, no study to date has been done to

specifically evaluate whether the HIV-1 (subtype C)

infection itself, prevalent in South Africa [3], leads to the

same metabolic changes and inflammatory state seen in

HIV-1 (subtype B), prevalent in Europe, United States,

Australia and South America [5].

The aim of this study was therefore to evaluate whether

HIV-1 (subtype C) infection itself is associated with

dyslipidemia, inflammation and the occurrence of the MetS

in newly identified HIV-infected participants who had

never received ARV therapy.

Methods

Study Design and Participants

This sub-study is embedded in the larger international

PURE (Prospective Urban and Rural Epidemiological)

study. The overarching PURE study is a longitudinal multi

national study that will track changes in lifestyles, CVD

risk factors and chronic diseases over a period of 12 years,

using periodic standardized data collection in urban and

rural areas of developing countries in transition, including

South Africa. The South African leg of the study was

performed in the North West province where a total of

2,000 black South Africans (1,000 urban and 1,000 rural)

were randomly recruited from a rural and urban setting and

screened during the baseline phase in 2005. The inclusion

criteria were volunteers older than 35 years that were non

users of any chronic medication and with no self-reported

diseases. For this sub-study the 300 newly identified HIV-

infected participants of the baseline PURE study popula-

tion were individually matched with 300 HIV-uninfected

participants (case-control design), according to age, gen-

der, body mass index (BMI) and locality (urban and rural).

The methodology appropriate to this sub-study will be

discussed.

Ethical Considerations

All participants provided signed informed consent after all

the procedures had been explained to them in their home

language. The study protocol complies with the Declara-

tion of Helsinki as revised in 2004 [24] and was approved

by the Ethics Committee of the North-West University,

Potchefstroom, South Africa.

Experimental Protocol

Permission to execute the PURE study was obtained from

the provincial Department of Health, local authorities and

from the Tribal Chief in the rural area. For about 12 weeks

30–35 participants arrived at the research locality of the

rural or urban areas at about 07:00 each morning after a

10–15 min drive (provided by the research team) from their

74 Lipids (2010) 45:73–80

123



communities. The participants were introduced to the setup

and after the procedures were explained they signed the

informed consent forms and received HIV pre-counseling

given by trained counselors. The HIV status of the partici-

pants was revealed during post-counseling and the infected

participants were referred to their local clinic or hospital for

follow-up and CD4 cell count determination. During the

course of the morning demographic, lifestyle and food

frequency questionnaires were completed with the help of

the specially trained field workers in the subject’s home

language. Lifestyle data included self reported current

tobacco use, alcohol intake as well as medical history.

Anthropometric Measurements

Height, weight, hip and waist circumference (WC) were

measured (Precision Health Scale, A & D Company, Japan;

Invicta Stadiometer, IP 1465, UK; Holtain unstretchable

metal tape) using standardized procedures [25].

Cardiovascular Measurements

Systolic blood pressure (SBP), diastolic blood pressure and

heart rate were obtained with a validated OMRON HEM-757

device. After a 10-min rest period, blood pressure mea-

surements were performed twice (5 min apart) on the right

arm (brachial artery), while the participants were seated

upright and relaxed with his/her right arm supported at heart

level. Appropriate cuffs were used for obese participants.

Blood, Serum and Plasma Samples

Blood was drawn from the antebrachial vein using a sterile

winged infusion set and syringes. Serum was prepared

according to appropriate methods and stored at -80 �C in

the laboratory. In the rural area serum was stored at -18�C

(no longer than 5 days) until it could be transported to the

laboratory facility and was then stored at -80 �C until

analysis.

Biochemical Analyses

Quantitative determination of the cholesterol, HDL-C, TG,

glucose (GOD-POD), high sensitivity C-reactive protein

(hs-CRP) and creatinine concentration in the serum of the

participants was done with the Konelab20iTM auto analyzer

(Thermo Fisher Scientific Oy, Vantaa, Finland), a clinical

chemistry analyzer for colorimetric, immunoturbidimetric

and ion-selective electrode measurements. LDL-C was

calculated by using the Friedewald formula [26]. The cre-

atinine clearance rate was estimated using the Cockcroft-

Gault formula [27]. Serum concentrations of high sensi-

tivity interleukin-6 (hs-IL-6) were measured using human

enzyme-linked immunosorbent assays (Quantikine� HS

ELISA, R&D Systems, Minneapolis, USA). HIV status was

determined with the First Response (PMC Medical, India)

rapid HIV card test using whole blood. If tested positive, the

test was repeated with the Pareeshak (BHAT Bio-tech

India) card test. The card test distinguishes between HIV-1

and HIV-2, but not between subtypes. The HIV-1 subtype C

epidemic prevalent in South Africa has been established by

serotyping and genotyping [1–3].

The Metabolic Syndrome

The MetS in the sub-study was identified according to the

definition of the Third Report of the National Education

Program Expert Panel on Detection, Evaluation and

Treatment of High Blood Cholesterol in Adults (ATP III)

[20], and according to the definition of the International

Diabetes Federation (IDF) [28].

Statistical Analysis

All data were statistically analyzed by means of Statistica v.8

(Statsoft Inc., OK, USA, 2008). Mean values and standard

deviations were calculated. The distribution of hs-CRP,

CRP:HDL ratio and hs-IL-6 were normalized by logarithmic

transformation before analysis, reporting the geometric

mean and 5–95% percentiles. Independent t tests were used

to compare the characteristics of the continuous variables of

the HIV-infected and uninfected groups. The Chi-square

tests were done to compare data of categorical variables. An

analysis of covariance (ANCOVA) was performed to com-

pare the cardiovascular parameters, lipid profile, glucose,

hs-CRP and hs-IL-6 of the HIV-infected and uninfected

participants, whilst adjusting for tobacco and alcohol use.

Odds ratios (OR), as estimates of risk, with 95%

confidence intervals (CI), were calculated using 2 9 2

frequency tables for HIV-infected versus uninfected par-

ticipants. Since very few participants met the cut-off values

for the MetS (for both the ATP III and IDF definitions),

especially for WC in African men, the median was used as

cut-off value for the calculation of OR. Frequency tables

were used to determine the number of subjects that were

classified according to each specific MetS definition (ATP

III and IDF), thereby determining the prevalence of the

MetS in both the HIV-infected and control groups. The

Chi-square test was used to obtain the P values. P val-

ues B 0.05 are regarded as significant.

Results

Characteristics of HIV-infected participants and matching

controls are reported in Table 1. Due to individual
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matching, age and BMI values, as well as the other

anthropometric measurements were almost identical in the

two groups. HIV-infected participants had a lower SBP,

pulse pressure, TC, HDL-C and LDL-C, whereas the heart

rate, TG, TG:HDL-C ratio, hs-CRP, CRP:HDL-C ratio and

hs-IL-6 were higher in the HIV-infected group. After

adjusting for tobacco and alcohol use, similar results were

obtained, which were expected as the percentage tobacco

and alcohol users did not differ. There were no differences

in the calorie and fat intake between the HIV-infected and

uninfected groups. Separate analyses as in Table 1 were

performed for each gender and similar results were

obtained.

The OR of the HIV-infected group versus the uninfected

group is shown in Table 2. In this study population having

a lower HDL-C is five times more likely when being a

HIV-infected man and three times more likely in women.

The Odds ratio for having a higher TG, hs-CRP and hs-IL-

6 level is respectively 1.7, 1.8 and 1.7 times more when

being HIV infected.

The MetS defined according to the ATP III and IDF

criteria are shown for HIV-infected and uninfected partic-

ipants in Table 3. In comparison with the controls no

difference (15.2 vs. 11.5%; P = 0.18) in the MetS was

seen in the HIV-infected, never-ARV-treated participants

according to the ATP III definition. Similar results were

shown for the IDF definition (21.1 vs. 22.6%; P = 0.65).

Discussion

In this study HIV-1- (subtype C) infected, never-ARV-

treated, participants showed dyslipidemia and inflamma-

tion. These results are in agreement with documented data

on HIV-infected individuals of other population groups

[12, 18, 29] where HIV-1 (subtype B) prevails [5].

A low HDL-C concentration increases the risk for cor-

onary heart disease [30] and for every 1 mg/dl increase in

serum HDL-C, a 2% reduction in CVD is estimated [31].

Duprez et al. found that lower HDL levels were associated

with a higher risk of CVD in HIV-infected patients and

Jericó et al. found smoking and HDL cholesterol to be the

main cardiovascular risk factors in their HIV-infected

study population [32, 33]. In our study population a HIV-

infected man is seven times, and a woman three times more

likely to have low HDL-C levels which should increase

Table 1 Characteristics of the

HIV-infected and uninfected

African participants (N = 600)

Data are expressed as

arrhythmic means ± standard

deviation, geometric mean

(5–95 percentiles) or % of N

N indicates number of

participants, BMI body mass

index, SBP systolic blood

pressure, DBP diastolic blood

pressure, PP pulse pressure, HR
heart rate, TC total cholesterol,

HDL-C high-density lipoprotein

cholesterol, LDL-C low-density

lipoprotein cholesterol, TG
triglycerides, hs-CRP high-

sensitivity C-reactive protein,

hs-IL-6 high-sensitivity

interleukin 6, eCrCl estimated

creatinine clearance

All P values were obtained with

independent t tests, except for

tobacco and alcohol users where

the Chi-square test was used

HIV infected (N = 300) HIV uninfected (N = 300) P

Age (years) 44.0 ± 8.04 44.0 ± 7.81 0.97

Height (cm) 161 ± 9.88 161 ± 8.37 0.62

Weight (kg) 59.5 ± 13.5 58.9 ± 13.9 0.61

BMI (kg/m2) 22.9 ± 5.59 22.8 ± 5.48 0.92

Waist (cm) 75.9 ± 10.6 75.9 ± 10.1 0.98

Hip (cm) 92.6 ± 13.8 93.0 ± 13.9 0.71

Waist:hip ratio 0.83 ± 0.11 0.82 ± 0.10 0.62

SBP (mm Hg) 124 ± 21.8 129 ± 21.8 0.003

DBP (mm Hg) 84.0 ± 14.7 85.9 ± 14.3 0.09

PP (mm Hg) 40.2 ± 11.5 43.7 ± 13.1 0.0005

HR (beats/min) 76.4 ± 15.0 72.2 ± 15.2 0.0009

TC (mmol/L) 4.42 ± 1.25 5.02 ± 1.33 \0.0001

HDL-C (mmol/L) 1.23 ± 0.58 1.70 ± 0.71 \0.0001

LDL-C (mmol/L) 2.60 ± 1.01 2.80 ± 1.14 0.01

TG (mmol/L) 1.29 ± 0.77 1.15 ± 0.75 0.03

TG:HDL-C ratio 1.41 ± 1.47 0.86 ± 1.21 \0.0001

Glucose (mmol/L) 5.35 ± 1.26 5.50 ± 1.10 0.13

hs-CRP (mg/L) 3.31 (0.32–50.4) 2.13 (0.23–29.2) 0.0006

CRP:HDL-C ratio 2.94 (0.21–62.0) 1.36 (0.13–18.5) \0.0001

hs-IL-6 (pg/ml) 4.70 (1.29–20.9) 3.72 (1.11–16.9) 0.0004

Creatinine (lmol/L) 83.8 (46.0–376) 76.5 (46.4–372) 0.83

eCrCl (ml/min) 73.5 (15.1–160) 79.7 (16.1–157) 0.15

Calorie intake (kJ) 1,879.0 ± 953 1,836.1 ± 1,003 0.59

Total fat intake (g/day) 51.3 ± 33.4 50.4 ± 38.4 0.78

Tobacco users N (%) 127 (42.3) 137 (45.6) 0.41

Alcohol users N (%) 96 (32.0) 103 (34.3) 0.54
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their risk for CVD. Even though Africans normally exhibit

lower fasting triglyceride and higher HDL-C levels than

Caucasians [34], HDL-C levels of our HIV-infected par-

ticipants (1.23 ± 0.58 mmol/L) were below the level of

1.28 mmol/L (50 mg/dl), which is seen as an increased risk

for CVD [35].

Because the contribution of HIV to dyslipidemia is

difficult to distinguish from those of classic cardiovascular

risk factors, control participants were carefully matched by

gender, age, BMI and locality to minimize the confounding

effect of these non HIV related conditions on the results of

this study. Furthermore, the participants in this study were

newly identified and had never received ARV therapy. It

could therefore be speculated that the metabolic changes

seen have been influenced by HIV-1, subtype C, infection

itself.

To identify the MetS in our study population, the criteria

of the most frequently used ATP III definition and more

recent IDF definition were used. Although our infected

participants never received ARV treatment, the prevalence

of MetS of 15% (ATP III definition) and 21% (IDF defi-

nition) is higher of that found by Badiou et al. [36] in HIV-

positive individuals (7.3 vs. 11.2%; 80% treated by com-

bined ARV therapy) and in agreement with the study

by Samaras et al. [37] (14 vs. 18%), where 93% of the

participants had received ARV therapy at some time. The

TG:HDL-C ratio, which is closely linked to lipid disorders

associated with MetS, was higher in our HIV-infected

participants, as observed previously in HIV-infected indi-

viduals [38] and in type 2 diabetes patients [39]. The most

prevalent lipid abnormalities seen in our study were the

low HDL-C levels and higher TG levels exhibited by

the HIV-infected participants. This was also seen in the

SIMONE study where the diagnosis of MetS in

HIV-infected individuals was mainly due to reduced

HDL-C and high serum TG levels [40].

Much controversy still exist whether HIV-infected

individuals have a higher prevalence of MetS (with or

without therapy). In the study of Mondy et al. [41] the

researchers found the prevalence of MetS to be similar

among the HIV-infected participants (25.5%), who

received ARV therapy, and the matched NHANES control

participants (26.5%). On the other hand, in the cohort of

HIV-infected individuals of Samaras et al. [37], the prev-

alence of the MetS was less in HIV positive adults (all

received ARV therapy at some time) than in the general

population. Our study, where the participants never

received ARV therapy, shows that the prevalence of the

MetS (both according to the ATP III and IDF definition)

does not differ between the HIV-infected and the matched

uninfected participants. This finding is in contrast with the

finding of Bonfanti et al. [23] which reported a higher

prevalence of MetS in never-treated HIV-infected indi-

viduals than in the general population.

Abdominal obesity, an essential component of the MetS,

seems to occur less frequently in HIV-infected individuals

(treated), and they seldom meet the cut-off value of the

MetS criteria [37, 42]. Furthermore, there are no specific

population group WC cut-off value available for sub-Sah-

aran Africans and in this study the cut-off value for

Europeans were used, as suggested by the IDF definition,

when identifying the prevalence of MetS using the IDF

criteria. It is known that abdominal obesity is more pre-

valent among African women than men [43] and very few

male participants met the WC cut-off value whether HIV

infected (0.88% ATP III and 2.63% IDF) or not (0% ATP

III and 0.88% IDF), suggesting that these WC cut-off

values might influence the outcome of the prevalence of the

MetS in our study. The fact that the participants of our

study were matched according to BMI to differentiate

between the contribution of the infection itself and classical

risk factors, could therefore not address this problem.

Although more women met the WC cut-off value, it has

also been shown that there is a clear difference regarding

body composition between African and Caucasian women

and Schutte et al. [44] suggested that these differences

should be incorporated by the IDF definition when estab-

lishing a WC cut-off value for Africans. They also sug-

gested that different HDL-C and TG cut-off values be used

Table 2 Odds Ratios of HIV-infected (N = 300: M = 116,

F = 184) participants versus uninfected (N = 300: M = 116,

F = 184) participants

OR

HIV infected versus

HIV uninfected

95% CI

WC

M (C73 cm) 0.93 0.6–1.6

F (C75 cm) 0.94 0.6–1.4

TG (C1.0 mmol/L) 1.70 1.2–2.3*

HDL-C

M (\1.4 mmol/L) 5.25 2.9–9.2*

F (\1.3 mmol/L) 2.92 1.9–4.5*

SBP (C124 mm Hg) 0.72 0.5–1.0*

DBP (C84 mm Hg) 0.72 0.5–1.0*

FG (C5.3 mmol/L) 0.64 0.5–0.9*

hs-CRP (C2.7 mg/L) 1.78 1.3–2.5*

hs-IL-6 (4.2 pg/ml) 1.67 1.2–2.3*

N indicates number of participants, M male, F female, WC waist

circumference, TG triglycerides, HDL-C high-density lipoprotein

cholesterol, SBP systolic blood pressure, DBP diastolic blood pres-

sure, FG fasting glucose, hs-CRP high sensitivity C-reactive protein,

hs-IL-6 high sensitivity interleukin 6

Median of the total group was used as cut-off value. Significance is

indicated by *
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for Africans to determine the prevalence of MetS in an

African population as they mostly show more favorable

lipid values than Caucasians [44].

HIV lipodystrophy is characterized by dyslipidemia,

visceral adiposity and a loss of abdominal and peripheral

subcutaneous fat [45]. Lipodystrophy is seen in only a

small portion of HIV-infected individuals not receiving

ARV therapy [46]. The HIV-infected and uninfected par-

ticipants in this study were matched according to BMI and

no differences were seen in waist or hip circumference or

waist:hip ratio. Odds ratios also showed no increase in risk

for an increase in WC when being HIV infected. The

participants were newly identified as being HIV infected

and therefore it is not known how long the participants

have been infected. However, it seems that no fat redis-

tribution took place in our never-treated HIV-infected

participants.

The fasting glucose levels were similar between the

HIV-infected and the control groups. The use of fasting

glucose level alone to diagnose impaired tolerance is likely

to underestimate the prevalence of insulin resistance,

advocated as a causative factor of the MetS [47].

Both low serum HDL-C levels and high serum hs-CRP

levels are seen as independent risk factors for CVD [37,

48], and the concentration of CRP is seen as a predictor of

cardiovascular events [49]. A study by Wadham et al. [50]

showed that HDL-C inhibits the inflammatory effect of

CRP. In the general population the MetS is associated with

inflammation and the IDF consensus group has highlighted

elevated CRP as apparently being related to the MetS. The

hs-CRP levels differ between the HIV-infected and control

group (3.31 vs. 2.13 mg/L; P = 0.0006) and the OR for

having a higher hs-CRP is 1.78 when HIV infected. The

latter did not seem to influence the risk for MetS in this

study. However, it is not known for how long the partici-

pants have been infected, and the duration of infection

might be an important determinant of inflammatory status

and its consequences.

Although hypertension is very common in black South

Africans [51, 52] and 59% of the HIV uninfected par-

ticipants had a high blood pressure (according to both

the ATP and IDF definition for MetS), the SBP as well

as the prevalence of high blood pressure were lower in

the HIV-infected group. This seems to be consistent with

previous studies [53], as hypertension in the HIV pop-

ulation is mostly associated with the use of ARV ther-

apy, the MetS, insulin resistance and/or anthropometric

disorders [54].

Kidney function is often compromised in the HIV-

infected population, and HIV-associated nephropathy is

frequently seen in immunosuppressed individuals of black

ethnicity [55]. In our study no difference in serum creati-

nine or estimated creatinine clearance rate was seen

between the HIV-infected and uninfected participants.

Table 3 Comparison of the prevalence of the MetS between the HIV-infected (N = 300: M = 116, F = 184) and uninfected participants

(N = 300: M = 116, F = 184)

ATP III IDF

HIV infected HIV uninfected P HIV infected HIV uninfected P

WC

M 0.88 0.00 0.32 2.63 0.88 0.31

F 18.33 18.68 0.93 33.9 40.1 0.22

TG 18.2 14.3 0.19 17.6 14.3 0.28

HDL-C

M 47.4 12.1 \0.0001 46.5 11.2 \0.0001

F 62.6 33.7 \0.0001 62.6 33.7 \0.0001

BP 50.0 59.0 0.03 50.0 59.0 0.03

FG 22.7 25.1 0.49 36.6 43.7 0.08

MetS 15.2 11.5 0.18 21.1 22.6 0.65

Data are expressed as % of N

ATP III definition of MetS requires three or more of the following criteria: abdominal obesity, WC, men [ 102 cm, women [ 88 cm;

hypertriglyceridemia C 1.69 mmol/L; low HDL-C, men \ 1.04 mmol/L, women \ 1.29 mmol/L; blood pressure C 130/85 mm Hg, or fasting

glucose C 6.1 mmol/L

IDF definition of MetS requires abdominal obesity, WC, men C 94 cm, women C 80 cm, and two or more of the following criteria: hyper-

triglyceridemia C 1.7 mmol/L; low HDL-C, men \ 1.03 mmol/L; women \ 1.29 mmol/L; blood pressure C 130/85 mm Hg, or fasting glu-

cose C 5.6 mmol/L

N indicates number of participants, M male, F female, WC waist circumference, TG triglycerides, HDL-C high density lipoprotein cholesterol,

BP blood pressure, FG fasting glucose, MetS metabolic syndrome

All P values were obtained via the Chi-square test
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These results suggest that identification of the MetS in

HIV-1 subtype C infected Africans should not be the

main focus for the identification of individuals at risk for

CVD. Low HDL-C and elevated TG levels seem to be

the most prevalent abnormalities and therefore emphasis

should be placed on determining the HDL-C and TG

levels and to treat the metabolic abnormalities present,

thereby reducing the probable cardiovascular risk faced

by these individuals.

This study should be interpreted within the context

of its strengths and limitations. We applied a case–

control design and carefully matched the control sub-

jects according to age, gender, BMI and locality. When

viewing previous studies regarding HIV and cardiovas-

cular risk, our study population is unique in specifically

two aspects: they were infected with the subtype C virus

instead of subtype B, and they were unaware of their

infected status and therefore have never received ARV

treatment. Thus the differences found could probably be

attributed to the infection itself. Furthermore, the data as

obtained in this study is limited in HIV-infected South

Africans. A limitation of the study is that the duration of

the HIV infection is unknown as the participants were

newly identified being HIV infected. Also, some of the

participants chose not to visit the local clinic or hospital

for follow-up (CD4 cell count determination and possible

subsequent treatment) after they were informed of their

HIV-infected status. This is probably due to stigmatiza-

tion which still exists among South African individuals

[56, 57]. Thus, we were only able to obtain CD4 cell

count data from a limited group of participants (N = 72)

and those results were not used in the study due to the

small sample size.

In conclusion, the results of this study provide evidence

that HIV-1, specifically subtype C, is associated with

dyslipidemia and an inflammatory state of newly identified

HIV-infected, never-treated, African individuals that may

increase their risk for CVD. The study therefore shows that

HIV-1 subtype C, though genetically different from sub-

type B, seems to influence the MetS components in the

same way as HIV-1 subtype B, but does not increase the

prevalence of the MetS in Africans.

Acknowledgments The authors would like to thank the PURE-SA

research team, especially Dr. M Watson, who was responsible for the

HIV testing and counseling, the field workers and office staff in the

Africa Unit for Transdisciplinary Health Research (AUTHeR), North-

West University, South Africa. PURE International, Dr. S Yusuf and

the PURE project staff at the PHRI, Hamilton Health Sciences and

McMaster University, ON, Canada. This work was financially sup-

ported by SANPAD (South Africa—Netherlands Research Program

on Alternatives in Development), South African National Research

Foundation (NRF GUN numbers 2069139 and FA2006040700010),

North-West University, Population Health Research Institute (PHRI),

and the Medical Research Council (MRC) of South Africa.

References

1. UNAIDS (2008) Sub-Saharan Africa. Aids epidemic update.

Regional Summary. http://data.unaids.org/pub/Report/2008/jc1526_

epibriefs_ssafrica_en.pdf. Accessed March 2009

2. Peeters M (2001) The genetic variability of HIV-1 and its

implications. Transfus Clin Biol 8:222–225

3. Jacobs GB, de Beer C, Fincham JE, Adams V, Dhansay MA, van

Rensburg EJ, Engelbrecht S (2006) Serotyping and genotyping of

HIV-1 infection in residents of Khayelitsha, Cape Town, South

Africa. J Med Virol 78:1529–1536

4. Thomson MM, Najera R (2005) Molecular epidemiology of

HIV-1 variants in the global AIDS pandemic: an update. AIDS

Rev 7:210–224

5. Freire E (2006) Overcoming HIV-1 resistance to protease

inhibitors. Drug Discov Today 3(2):281–286

6. Gaschen B, Taylor J, Yusim K, Foley B, Gao F, Lang D, No-

vitsky V, Haynes B, Hahn BH, Bhattacharya T, Korber B (2002)

Diversity considerations in HIV-1 vaccine selection. Science

296:2354–2360

7. Simon V, Ho DD, Abdool KQ (2006) HIV/AIDS epidemiology,

pathogenesis, prevention, and treatment. Lancet 368:489–504

8. Riddler SA, Smit E, Cole SR, Li R, Chmiel JS, Dobs A, Palella F,

Visscher B, Evans R, Kingsley LA (2003) Impact of HIV

infection and HAART on serum lipids in men. JAMA 289:2978–

2982

9. Carr A, Cooper DA (1998) Images in clinical medicine Lipo-

dystrophy associated with an HIV-protease inhibitor. N Engl J

Med 339:1296

10. Grinspoon SK (2005) Metabolic syndrome and cardiovascular

disease in patients with human immunodeficiency virus. Am J

Med 118(Suppl 2):23S–28S

11. Constans J, Conri C (2006) Circulating markers of endothelial

function in cardiovascular disease. Clin Chim Acta 368:33–47

12. Hsue PY, Lo JC, Franklin A, Bolger AF, Martin JN, Deeks SG,

Waters DD (2004) Progression of atherosclerosis as assessed by

carotid intima-media thickness in patients with HIV infection.

Circulation 109:1603–1608

13. Glazier JJ, Spears JR, Murphy MC (2006) Interventional

approach to recurrent myocardial infarction in HIV-1 infection.

J Interv Cardiol 19:93–98

14. Sudano I, Spieker LE, Noll G, Corti R, Weber R, Luscher TF

(2006) Cardiovascular disease in HIV infection. Am Heart J

151:1147–1155

15. Rose H, Woolley I, Hoy J, Dart A, Bryant B, Mijch A, Sviridov D

(2006) HIV infection and high-density lipoprotein: the effect of

the disease vs the effect of treatment. Metabolism 55:90–95

16. Asztalos BF, Schaefer EJ, Horvath KV, Cox CE, Skinner S,

Gerrior J, Gorbach SL, Wanke C (2006) Protease inhibitor-based

HAART, HDL, and CHD-risk in HIV-infected patients. Athero-

sclerosis 184:72–77

17. Tershakovec AM, Frank I, Rader D (2004) HIV-related lipo-

dystrophy and related factors. Atherosclerosis 174:1–10

18. Fisher SD, Miller TL, Lipshultz SE (2006) Impact of HIV and

highly active antiretroviral therapy on leukocyte adhesion mole-

cules, arterial inflammation, dyslipidemia, and atherosclerosis.

Atherosclerosis 185:1–11

19. de Gaetano DK, Rabagliati R, Iacoviello L, Cauda R (2004) HIV

infection, HAART, and endothelial adhesion molecules: current

perspectives. Lancet Infect Dis 4:213–222

20. National Cholesterol Education Program (NCEP) Expert Panel on

Detection, Evaluation, and Treatment of High Blood Cholesterol

in Adults (Adult Treatment Panel III) (2002) Third Report of the

National Cholesterol Education Program (NCEP) Expert Panel on

Detection, Evaluation, and Treatment of High Blood Cholesterol

Lipids (2010) 45:73–80 79

123

http://data.unaids.org/pub/Report/2008/jc1526_epibriefs_ssafrica_en.pdf
http://data.unaids.org/pub/Report/2008/jc1526_epibriefs_ssafrica_en.pdf


in Adults (Adult Treatment Panel III) final report. Circulation

106(25):3143–3421

21. Martin LS, Pasquier E, Roudaut N, Vandhuick O, Vallet S,

Bellein V, Bressollette L (2008) Metabolic syndrome: a major

risk factor for atherosclerosis in HIV-infected patients (SHIVA

study). Presse Med 37:579–584

22. Salyer J, Lyon DE, Settle J, Elswick RK, Rackley D (2006)

Coronary heart disease risks and lifestyle behaviors in persons

with HIV infection. J Assoc Nurses AIDS Care 17:3–17

23. Bonfanti P, Giannattasio C, Ricci E, Facchetti R, Rosella E,

Franzetti M, Cordier L, Pusterla L, Bombelli M, Sega R, Quirino

T, Mancia G (2007) HIV and metabolic syndrome: a comparison

with the general population. J Acquir Immune Defic Syndr

45:426–431

24. World Medical Association Declaration of Helsinki (accessed

February. 2009) Ethical principals for Medical Research

Involving Human Subjects. http://www.wma.net/e/policy/b3.htm

25. Jones M (2001) International Society for the Advancement of

Kinanthropometry (ISAK). International standards for anthropo-

metric assessment, Adelaide, National Library of Australia

26. Johnson R, McNutt P, MacMahon S, Robson R (1997) Use of the

Friedewald formula to estimate LDL-cholesterol in patients with

chronic renal failure on dialysis. Clin Chem 43:2183–2184

27. Cockcroft DW, Gault MH (1976) Prediction of creatinine clear-

ance from serum creatinine. Nephron 16(1):31–41

28. International Diabetes Federation (2009) The IDF consensus

worldwide definition of the metabolic syndrome. http://www.idf.

org/webdata/docs/Metabolic_syndrome_definition.pdf. Accessed

March 2009

29. Rose H, Hoy J, Woolley I, Tchoua U, Bukrinsky M, Dart A,

Sviridov D (2007) HIV infection and high density lipoprotein

metabolism. Atherosclerosis 199(1):79–86

30. Gordon T, Castelli WP, Hjortland MC, Kannel WB, Dawber TR

(1977) High density lipoprotein as a protective factor against

coronary heart disease. The Framingham Study. Am J Med

62:707–714

31. Castelli WP, Anderson K, Wilson PW, Levy D (1992) Lipids and

risk of coronary heart disease. The Framingham Study. Ann

Epidemiol 2:23–28

32. Duprez DA, Kuller LH, Tracy R, Otvas J, Cooper DA, Hoy J,

Neuhaus J, Paton NI, Friis-Moller N, Lampe F, Liappis AP,

Neaton JD (2009) Lipoprotein particle subclasses, cardiovascular

disease and HIV infection. Doi:10.1016/j.atherosclerosis.2009.

05.001
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Abstract In order to investigate differences in fat

metabolism during embryonic development, a comparative

proteomics strategy was employed using Arbor Acres (AA)

and San Huang (SH) broiler chickens with different growth

and fat deposition characteristics. These birds were floor-

reared and fed identical diets, and embryonic livers were

collected from AA and SH chicken embryos on days 9, 14

and 19 of incubation and hatching. Proteins were extracted

and fractionated by two-dimensional electrophoresis

(2-DE), Neuhoff’s colloidal Coomassie Blue G-250 stain-

ing was carried out, and stained gels were scanned and

analyzed using PDQuest7.3 software (Bio-Rad). In-gel

trypsin digestion of the differential protein spots and

matrix-assisted laser desorption/ionization-time of flight

mass spectrometry (MALDI-TOF-MS) were subsequently

assessed. Peptide mass fingerprinting of the differentially

expressed proteins was performed using the server from

MASCOT or either Prospector or ProFound, and 37 pro-

teins were successfully identified. In the present study,

embryo and liver weights showed a trend toward enhanced

growth during embryonic development. Of the 37

identified differential proteins, phosphoenolpyruvate

carboxykinase (PEPCK), apolipoprotein A-I (Apo A-I),

fatty acid-binding protein (L-FABP) and 3-hydroxy-3-

methylglutaryl-Coenzyme A synthase (HMG-CoA syn-

thase) were up-regulated in SH chickens to a greater extent

than they were in AA chickens. These observations suggest

that the lipid metabolic proteins and enzymes are inherent

characteristics that contribute to the apparent differences in

fat deposition between the two strains.

Keywords Embryonic development � Broilers �
Proteomics � Lipid metabolism
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IPG Immobilized pH gradient gel

SDS-PAGE SDS-polyacrylamide gel

electrophoresis

BSA Bovine serum albumin

HDL High density lipoprotein

LCAT Lecithin: cholesterol acyl

transferase

Introduction

Over the past several decades, an unintended consequence

of the increased growth rates that have been achieved in

commercial poultry production has been the development

of excessive abdominal fat deposits. This trait represents a

major drawback for the industry, as it reflects reduced feed

efficiency during rearing and decreases the yield of lean

meat after processing [1]. It is, therefore, of particular

interest to better understand avian lipid metabolism and to

further elucidate the genetic mechanisms involved in the

regulation of fat deposition in poultry. Unlike mammalian

species, in birds, the liver is the main site of de novo fatty

acid synthesis, accounting for 95% of all lipid production

in young chicks, with the adipose tissue serving only as a

lipid storage site [2, 3].

Considerable metabolic and physiological research has

been conducted on liver tissue, and some studies have

shown that the main source of variability between fat- and

lean-type chicken lines can be attributed to differences in

liver fatty acid metabolism [1, 4–6]. It is known that gene

expression and the activity of lipogenic enzymes differ

between fat- and lean-line chickens during fat deposition.

Some of the genes involved in fatty acid synthesis, such as

malic enzyme (ME), ATP citrate lyase and Acetyl-CoA

carboxylase (ACC), have been found to be differentially

expressed in the two lines [7].

The San Huang (SH) broiler chicken is a well-known

Chinese indigenous breed that displays uniform body fat,

high intramuscular fat, and excellent meat quality, while

Arbor Acres (AA) chickens display less favorable meat

quality characteristics, caused by excessive abdominal fat

deposition. Thus, these two species of broiler chickens

provide good models for the study of hepatic lipid

metabolism differences. Zhao et al. [8, 9] reported that

genes related to lipid metabolism, such as fatty acid syn-

thetase (FAS), ACC and apolipoprotein B100 (ApoB100),

display different mRNA expression profiles during

embryonic liver development in the two lines. However,

little information is available relative to liver protein

expression in the pathways and mechanisms that contribute

to adiposity variability in both lean and fat lines, especially

in chicken embryos. To date, the proteomic approach

provides a powerful tool to study various biological and

medical mechanistic phenomena and has been focused on

characterizing the diseased liver [10, 11]. A global protein

expression analysis of the chicken embryo liver will aid in

the identification of differentially expressed proteins

involved in lipid metabolism, provide new insight into the

mechanism of fat deposition in embryonic broiler chickens,

and pave the way toward a new framework for future

studies.

Therefore, the aim of the current study was to identify

differences in fat deposition between AA and SH chicken

lines, to describe and compare protein profiles in the

embryonic livers, and to identify those differential proteins

that are of particular importance in the control of hepatic

lipid metabolism and fat deposition. Achievement of this

latter goal will provide the basic molecular information

necessary to understand the regulation of fat deposition in

embryonic broiler chickens.

Materials and Methods

Reagents

Immobilized pH gradient gel (IPG) strips, urea, thiolurea,

dithiothreitol (DTT), 3-(3-cholamidopropyl-dimethylammo-

nio)-1-propanesulfonate (CHAPS), ampharmalyte pH 3–10,

phenylmethanesulfonyl (PMSF), and iodoacetamide were all

purchased from Bio-Rad (Richmond, CA, USA), while

Coomassie Brilliant Blue G-250 was purchased from Amre-

sco (Solon, OH, USA) and trypsin was purchased from Pro-

mega (Madison, WI, USA). All chemicals for SDS-PAGE

were of electrophoresis grade.

Animals

A total of 120 AA and SH female broilers (42-weeks-old)

were obtained and housed in the Wuxi Breeding Company

(Jiangsu, China). The birds were divided into two groups

(AA and SH, 60 birds per group), and each group was kept

in three pens, with 20 broilers per pen. All birds were fed

identical diets and floor-reared under natural lighting

at constant temperature (20 ± 3 �C) and humidity

(50 ± 3%). They were placed under dietary restriction but

they had free access to drinking water. Nutrient levels

within the diet (Table 1) were based on NRC (1994) rec-

ommendations. Animal care and use were approved by the

Institutional Animal Care and Use Committee of Nanjing

Agricultural University.

Before the initiation of the experiment, the birds were

acclimatized to the environmental conditions for at least

2 weeks. Eggs from each of three pens for each group were

collected, numbered and weighed, and placed in an electric

forced-draft incubator at 37.5 ± 0.5 �C and 60% relative
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humidity. Only un-chipped and intact eggs were used in the

experiment prior to incubation. The start of the incubation

period was referred to as ‘‘E1d’’ (1-day-old embryos), and

after hatching, the term used was ‘‘H1’’ (1-day-old birds).

Embryonic livers were collected from AA and SH chicken

embryos on days 9, 14 and 19 of incubation and hatching,

and then washed twice with cold physiological saline

(0.9% NaCl solution) to remove blood and other possible

contaminants. Samples were then flash-frozen in liquid

nitrogen and stored at -80 �C prior to homogenization.

Protein Sample Preparation and Two Dimensional

Gel Electrophoresis

Tissues were homogenized in a lysis buffer consisting of

7 mol/L urea, 2 mol/L thiolurea, 2% (w/v) CHAPS,

50 mmol/L DTT, 0.8% (w/v) ampharmalyte pH 3–10 and

1 mmol/L PMSF, using a glass homogenization vessel in

an ice bath. The resultant homogenate was swirled for

20 min and centrifuged for 20 min at 15,0009g at 4 �C.

Supernatant was collected and fractionated into aliquots.

The protein concentration for each of the final supernatants

was measured by the Bradford assay [12] using bovine

serum albumin (BSA) as the standard. Eight hundred

micrograms of each protein extract were separated by

iso-electrophoresis using IPG strips (pH 3.0–10.0 NL,

17 cm) in the protean system (Bio-Rad). Focusing was

performed through 1 h at 250 V, 1 h at 500 V, 1 h at

2,000 V, 2 h at 8,000 V, and then holding at 8,000 V until

a total of at least 60,000 Vh was reached. The second

dimension was run on a 12.5% polyacrylamide SDS gel

using the Multiphor system (Amersham Biosciences). The

2-DE for each sample was repeated four times. Neuhoff’s

colloidal Coomassie Blue G-250 stain was carried out

according to the method described by Candiano et al. [13].

Stained gels were scanned and analyzed using PDQuest7.3

software (Bio-Rad). After alignment, spots between gels

were first automatically matched. The matched spots were

then re-examined manually to ensure accuracy. Generally,

only those spots, with a quality of over 50, were chosen for

further analysis. Spot quantity normalization was con-

ducted in the ‘total quantity of valid spots’ mode.

MALDI-TOF-MS Analysis and Database Queries

In-gel trypsin digestion of protein spots, and MALDI-TOF-

MS (Reflex III, Bruker-Daltonics, Germany) analyses were

based on procedures described by Wang et al. [14]. MS

fingerprinting data searches were performed by search

engines of ProFound (http://129.85.19.192/ profound_ bin/

WebProFound.exe) and MS-fit (http://prospector.ucsf.edu/

uscfhtml3.4/ms-fit.htm) against the NCBInr database in the

taxa of Gallus gallus (Chicken) with the parameter sets of

trypsin digestion, two missed cleavages, complete modifi-

cation of iodoacetamide (Cys), partial modification of

methionine oxidation, protein mass = ±20% of the

observed protein mass, pI = ±1 of observed pI, and a mass

tolerance for monoisotopic data of 100 ppm. Protein

identification was assigned when the following criteria

were met: at least four matching peptides and [20%

sequence coverage.

Functional Annotation of Identified Proteins

Functions of proteins identified through MS fingerprinting

data were annotated by querying against the protein func-

tion database Pfam (http://www.sanger.ac.uk/Software/

Pfam/; [15]) or Inter-Pro (http://www.ebi.ac.uk/interpro/;

[16]).

Statistical Analysis

The effect of embryonic development age (days) on

embryo weight and liver weight were analyzed by two-way

ANOVA (with developmental age as the main effect) using

the general linear models approach. Differences among

individual means were evaluated. Analysis of variance

(ANOVA) and correlation coefficient estimates for protein

Table 1 Ingredient composition and nutrient content of diets

Ingredient (%)

Corn 67.3

Wheat bran 2.0

Soybean meal 16.0

Salt 0.4

Calcium phosphate 2.3

Limestone 6.8

DL-Methionine 0.1

Vitamin–mineral 1.0

Premixa 2.0

Calculated nutrient composition

MEb (kJ/kg) 2,750

Crude protein (%) 19.74

Lysine (%) 0.1

Methionine ? cystine (%) 0.93

Calcium (%) 3.0

Total phosphorus (%) 0.88

Available phosphorus (%) 0.53

a Vitamin–mineral premix supplied the following per kg of diet:

vitamin A 1,500 IU; vitamin D3 200 IU; vitamin E 10 mg; vitamin K3
0.5 mg; thiamine 1.8 mg; riboflavin 3.6 mg; D-pantothenic acid
10 mg; folic acid 0.55 mg; pyridoxine 3.5 mg; niacin 35 mg;

cobalamin 0.01 mg; biotin 0.15 mg; Fe 80 mg; Cu 8 mg; Mn 60 mg;

Zn 40 mg; I 0.35 mg; and Se 0.15 mg
b Metabolizable energy in kilojoules per kilogram
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expression changes were conducted using JMP 5.1 (SAS

Institute). The statistical significance level was set at

P \ 0.05.

Results

Changes in Embryo Weight and Liver Weight in AA

and SH Broiler Chickens at Various Embryonic Stages

and at Hatching

Both body weight and absolute liver weight were signifi-

cantly higher in AA broiler chickens than in SH broiler

chickens starting on day 14 of embryonic development and

continuing to hatching (P \ 0.05). However, body weight

and absolute liver weight both exhibited trends toward

increases in both species.

Comparative Analysis of Liver Proteins between AA

and SH Broiler Chickens

Good separation of protein spots was apparent in the 2D

gel electrophoresis, except in the base area (Fig. 1). After

auto-matching and a manual quality check of the detected

spots, 326 valid spots were identified in this experimental

series. To determine the repeatability among gels of the

same sample, spot to spot correlation coefficients were

estimated. Results showed that they varied from 0.81 to

0.92, with all being significant at P C 0.0001. In each

sample, at least one of the three correlation coefficients was

over 0.85, while the difference in spot volume among

replicates was not significant, based on ANOVA.

In general, the protein profiles in embryo livers from AA

and SH broiler chickens during the four development

stages were similar. However, certain spots displayed

obvious differences in volume or abundance. A total of 40

spots, which reflected a two-fold difference in volume as

compared to the two breeds during the four development

stages, were subjected to detailed identification. Spots 1, 2,

3, 4, 5, 6, 7, 13, 15, 16, 17, 23, 24, 25, 28, 29, 30, 31, 32,

33, 35 and 36 displayed down-regulation in SH broiler

chicken embryo liver, among which, spots 6, 7, 13, 15, 16,

17, 23, 24, 25, 33 and 36 showed a greater than three-fold

difference in volume. The remainder of the 40 spots dis-

played up-regulation in SH broiler chicken embryo liver,

and spots 8, 9, 11, 12, 18, 20, 21, 22, 34 and 39 showed a

greater than three-fold difference in volume.

Proteins from all 40 spots were subjected to in-gel

digestion and analyzed by MALDI-TOF-MS. Protein

identification using the MS fingerprint data was conducted

by querying the Swiss-Prot, NCBInr protein and

chicken polypeptide databases. Positive identifications

were obtained for all 40 spots, except for spots 3, 6 and 23.

Thus, only the data for the remaining 37 spots were used

for further analysis, and the protein identity for each of the

37 spots is listed in Table 2.

Proteins identified successfully were sorted into six

main functional classes based on the KOG database com-

parison. A large group of proteins (spots 17, 27, 29, 34, 35,

36, 38, 39 and 40) were categorized as important in

metabolism, such as PEPCK, ApoA-I, L-FABP, HMG-

CoA synthase, enolase, sulfotransferase, etc. Some proteins

(spots 7, 8, 9 and 28) were found to be involved in signal

transduction, while others (spots 11, 12, 14, 30, 32, 34 and

37) are known to participate in energy metabolism, protein

synthesis and disease/defense. The remaining proteins were

not related to any KOG based function (Table 3).

Discussion

Hamburger and Hamilton [17] described a series of stages

to categorize the entire 21-day development period of the

chicken embryo, based on external characteristics. These

stages can be divided into three phases. The two earlier

phases form a period during which the organs and systems

of the body are formed, while the last phase, from day 13

until hatching, is characterized by the maturation and

growth of the organ systems. Embryonic development is an

energy consuming process. During the two earlier phases,

glucose within the yolk sac supplies energy, but about 90%

of the total energy required by the embryo for growth

comes from b-oxidation of fatty acids derived from yolk

lipids [18, 19]. Previous studies have indicated that dif-

ferences in lipid metabolism exist during the embryonic

stage of development among the different lines of broiler

breeders [20, 21]. In the current study, we found that body

weight and absolute liver weight in AA broiler chickens

were slightly higher than in SH birds during the last phase

of embryonic development, which indicates that there was

a difference in lipid metabolism between the breeds.

Using a proteomic approach, 37 proteins that exhibited

differential changes in profile when taken from AA and SH

chicken embryonic livers were identified. Some of these

were involved in important aspects of metabolism and, in

particular, lipid metabolism.

Phosphoenolpyruvate carboxykinase (PEPCK) is a rate-

controlling enzyme in gluconeogenesis which catalyzes the

synthesis of phosphoenolpyruvate (PEP) from oxaloacetate

(OAA). It is expressed primarily in liver, kidney and adi-

pose tissue, where its synthesis is highly regulated by

insulin, glucocorticoids, thyroid hormone and glucagon at

the level of transcription. PEPCK exists as two different

isozymes in vertebrate tissues (PEPCK-C and PEPCK-M),

which show remarkable similarity in protein secondary

structure. PEPCK-C is the major form evident in
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Fig. 1 Proteins profiles of AA

chicken and SH chicken embryo

liver at the stage of E9, E14,

E19, H1. Arrows indicate the

proteins with at least a 2.0-fold

change in the four development

stages
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embryonic chicken liver tissue, while PEPCK-M only

exists in the liver of adult chickens [22]. Tordjman et al.

[23] have reported that fatty acids stimulate PEPCK-C

gene expression, and recent studies have suggested that

PEPCK is also important in the maintenance of blood

glucose concentration and insulin resistance. In this paper,

PEPCK resulted from up-regulation in SH chicken

embryonic liver, which indicates that gluconeogenesis was

more pronounced in SH chicken embryonic liver than

in AA chicken embryonic liver, indirectly suggesting

that fatty acid oxidation in SH chicken embryos pro-

vides enhanced levels of non-carbohydrate substrate for

gluconeogenesis.

ApoA-I, the major protein component of high-density

lipoprotein (HDL), has diverse physiological functions,

including lipid binding and solubilization, activation of

lecithin: cholesterol acyl transferase (LCAT), modulation

of HDL rearrangement during metabolism and lipid

transfer, and interaction with HDL receptors on cell sur-

faces. Douaire et al. [24] reported that the mRNA levels of

genes coding for lipogenic enzymes (acetyl-coenzyme A

carboxylase, fatty acid synthase, malic enzyme, D9-

desaturase) and apoproteins (apoB and apoPVLDL-II) did

not differ significantly between fat and lean birds, while the

mRNA levels for genes coding for apoA-I were signifi-

cantly different. We found that apoA-I was expressed to a

greater extent in SH chicken embryonic liver than in AA

birds. This observation could indicate that cholesterol

metabolism was enhanced by higher levels of apoA-I in SH

chicken embryonic liver.

HMG-CoA synthase is the rate-limiting enzyme for

ketone body formation and the catalyst for the condensa-

tion of acetoacetyl-CoA and acetyl-CoA to form HMG-

CoA plus free CoA. The activity of HMG-CoA synthase is

located in both the cell cytosol and in the mitochondria.

The HMG-CoA produced by cytosolic HMG-CoA synthase

is the starting point for the isoprenoid pathway which, in

addition to producing cholesterol as its main end product,

yields other important isoprenoids. Control of ketogenesis

is exerted by transcriptional regulation of mitochondrial

HMG-CoA synthase. Mitochondrial and cytosolic HMG-

CoA synthase are encoded by two different genes. Hegardt

[25] reported that fasting, cAMP, and fatty acids increase

the transcriptional rate of mitochondrial HMG-CoA syn-

thase, while re-feeding and insulin repress it. In the present

study, we observed that HMG-CoA synthase protein levels

were significantly higher in SH broiler chickens than they

were in AA broiler chickens. Therefore, ketogenesis was

enhanced, and this reflected, at least in part, an increased

acetyl-CoA level in the liver, which resulted from the high

rate of fatty acid beta oxidation in SH broiler chickens.

Fatty acid-binding proteins (L-FABP) are small molec-

ular weight proteins with high binding affinities for long-

chain fatty acids [26], and they are members of a super

family of lipid-binding proteins that occur intra-cellularly

in invertebrates and vertebrates. In mammals, the intra-

cellular or cytoplasmic FABP form a group of at least nine

distinct proteins, with molecular weights ranging from 14

to 15 kDa. They are named according to the tissues from

which they are isolated [26], and they are involved in

intracellular fatty acid movement, cell growth and differ-

entiation, cellular signaling, gene transcription, and pro-

tection of enzymes from the toxic effects of free fatty acids

[27]. Ceciliani et al. [28] isolated a FABP from chicken

liver which had an isoelectric point of 9.0, whereas other

L-FABPs have isoelectric points near 6.0. It has been

documented that the ontogeny of FABP in turkey liver is

associated with fatty acid metabolism in turkey embryos

and poults [29]. Martin et al. [30] reported that L-FABP

gene ablation dramatically enhances many of the effects of

dietary cholesterol to significantly induce hepatic choles-

terol and triacylglycerol accumulation as well as to

potentiate BW gain (primarily as fat tissue mass). Cogburn

et al. [31] reported that L-FABP gene expression was

higher (1.66-fold) in hyperthyroid (lean) chickens than in

hypothyroid (fat) chickens. Wang et al. [32] have also

reported that chicken liver tissue L-FABP mRNA levels

vary among different breeds, with the Baier layers

(a Chinese local breed) having higher levels than meat-type

broilers. They indicated that L-FABP gene assessment was

used as an important candidate gene in chicken QTL

detection programs, focusing on phenotypes related to fat

traits. In this study, the results showed that L-FABP protein

expression was significantly higher in SH broiler chickens

Table 2 Changes in embryo weight, liver weight in AA broiler and SH broiler during embryonic development

E9 E14 E19 H1

Body weight (g) AA 1.86 ± 0.03a* 13.87 ± 0.13b* 33.33 ± 0.46c* 46.57 ± 0.83d*

SH 1.66 ± 0.02a 10.45 ± 0.14b 23.05 ± 0.41c 35.35 ± 0.79d

Liver weight (g) AA 0.051 ± 0.001a* 1.19 ± 0.012b* 1.65 ± 0.02c* 1.97 ± 0.025d*

SH 0.049 ± 0.004a 1.14 ± 0.01b 1.56 ± 0.03c 1.83 ± 0.027d

Means without common letter differ significantly between age groups

* Breed differences at the same age (P \ 0.05) (n = 15)
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Table 3 Differentially expressed proteins of SH chicken embryo’ liver identified by PMF query

Spot

no.

Up or down

in SH chicken

Protein name Exp. MW

(KDa)/pI

Theor. MW

(KDa)/pI

Sequence

coverage

(%)

Functional

classification

Accession no.

1 Down Hypothetical protein 23/5.0 22.53/5.3 57 Unknown CAG32430

2 Down PREDICTED: hypothetical

protein

30/5.1 32.44/5.2 30 Unknown XP_414311

4 Down Hypothetical protein 62/5.1 67.05/5.2 21 Unknown CAG31507

5 Down PREDICTED: hypothetical

protein

31.5/6.0 33.20/5.8 66 Unknown XP_416283

7 Down Glutathione S-transferases

CL2

25/7.4 26.05/6.9 75 Signal transduction NP_990421

8 Up PREDICTED: similar to

sepiapterin reductase

27/6.0 29.28/5.8 60 Signal transduction XP_423038

9 Up Signal transducer and

activator of transcription

5B

26.5/6.0 90.57/5.9 21 Signal transduction NP_990110

10 Up Hypothetical protein 30/6.0 36.84/6.0 28 Unknown CAG32095

11 Up Parkinson disease

(autosomal recessive,

early onset) 7

19/6.3 19.93/6.3 69 Neurodegenerative

diseases

NP_989916

12 Up Parkinson disease

(autosomal recessive,

early onset) 7

18.2/6.2 19.93/6.3 69 Neurodegenerative

diseases

NP_989916

13 Down Hypothetical protein 57.7/6.1 60.66/6.0 28 Unknown CAG32042

14 Up PREDICTED: similar to

prosomal P27K protein

27/6.5 27.85/6.1 28 Unknown XP_421242

15 Down PREDICTED: hypothetical

protein

26/7.8 24.24/8.1 35 Unknown XP_422398

16 Down Non-metastatic cells 2,

protein (NM23B)

expressed in Gallus gallus

16.5/8.2 17.44/7.9 83 Unknown NP_990378

17 Down Sulfotransferase 38/6.5 36.34/5.9 57 Drug development NP_990391

18 Up PREDICTED: similar to

Prohibitin isoform 2

28.5/5.2 29.94/5.6 64 Unknown XP_418103

19 Up PREDICTED: hypothetical

protein

32/5.8 33.20/5.8 70 Unknown XP_416283

20 Up Hypothetical protein 17/6.1 17.21/6.0 32 Unknown CAG32130

21 Up Hypothetical protein 29/6.0 29.48/6.0 48 Unknown CAG31370

22 Up PREDICTED: hypothetical

protein

31/6.2 35.24/6.5 37 Unknown XP_420181

24 Down Formiminotransferase

cyclodeaminase

61/6.1 59.76/5.9 46 NP_990234

25 Down PREDICTED: hypothetical

protein

55/6.5 53.14/6.0 27 Unknown XP_414831

26 Up Hypothetical protein 27/6.7 25.24/6.5 39 Unknown CAG32709

27 Up Phosphoenolpyruvate

carboxykinase [GTP],

mitochondrial precursor

70.8/7.6 71.75/8.6 66 Glycolysis/

gluconeogenesis

P21642

28 Down Phospholipid

hydroperoxide

glutathione peroxidase

18/8.3 19.23/7.8 73 Signal transduction AAM18080

29 Down Apolipoprotein A-I 28.2/5.2 30.66/5.6 69 Lipid metabolism NP_990856

30 Down Chaperonin containing

TCP1, subunit 8 (theta)

59.7/5.3 59.36/5.3 49 Chaperones and

folding catalysts

NP_001004389

31 Down Hypothetical protein 41.1/5.7 41.41/6.1 57 Unknown CAG32388
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than in AA birds. The higher expression level for L-FABP

in the embryonic liver of SH broiler chickens might result

in increased fatty acid transportation into the mitochondria

or peroxisomes and, thus, enhanced fatty acid oxidation

and reduced fat deposition.

Taken together, it can be concluded that PEPCK,

apoA-I, FABP, HMG-CoA synthase were up-regulated in

the embryonic liver of SH broiler chickens, which suggests

that gluconeogenesis, cholesterol metabolism and fatty acid

oxidation were functional in the embryonic liver of SH

broiler chickens prior to their occurrence in the embryonic

livers of AA broiler chickens. It also suggests that the

observed differences in lipid metabolism between AA and

SH birds might, in part, be attributed to this differential

expression of proteins in embryonic liver. However, given

the limitations of the proteomics approach relative to

immobilized pH gradients and pH intervals, we cannot

extrapolate this conclusion to total protein synthesis and/or

degradation without further study.

In conclusion, expression of the proteins and enzymes

related to hepatic lipid metabolism in broiler chickens

exhibited specific breed characteristics during embryo-

genesis. The data suggest that these proteins were associ-

ated with fat traits and that they contributed to the apparent

differences in fat deposition observed between SH and AA

broiler chickens. The data also strongly suggest that the

regulation of adiposity in chickens derived from lean and

fat lines was linked to the regulation of the key proteins and

enzymes screened in the present study.
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Abstract Electron paramagnetic resonance (EPR) in

conjunction with a slow-tumbling simulation was utilized

for defining stratum corneum (SC) lipid structure. We

found that ordering calculated from the simulation is an

appropriate index for evaluating SC lipids structure. The

SC from two sites (mid-volar forearm and lower-leg) of

human volunteers was stripped consecutively from one to

three times using a glass plate coated with a cyanoacrylate

resin. Aliphatic spin probes, 5-doxylstearic acid (5-DSA)

and 3b-doxyl-5a-cholestane (CHL), were used to monitor

SC ordering. EPR spectrum of 5-DSA incorporated in the

SC demonstrated a characteristic peak for the first strip.

However, EPR spectra of CHL in the SC did not show a

clear difference for each strip, except for the peak intensity.

The results imply that CHL is not incorporated into the

lipid phase as easily as 5-DSA is. A slow-tumbling simu-

lation of the EPR spectrum was performed to analyze the

detailed lipid structure. The simulation results for 5-DSA

show differences in values of the SC ordering as a function

of depth. Thus, these results along with the simulation

analysis provide a detailed SC layer structure.

Keywords EPR � ESR � Skin lipid � Order parameter �
Spin probe � Stratum corneum � Simulation � Lipid structure

Abbreviations

EPR Electron paramagnetic resonance

ESR Electron spin resonance

SC Stratum corneum

5-DSA 5-Doxylstearic acid

CHL 3b-Doxyl-5a-cholestane

TEWL Transepidermal water loss

S Conventional order parameter

MOMD Microscopically ordered but macroscopically

disordered

S0 Simulated order parameter

Introduction

Electron paramagnetic resonance (EPR) is useful for elu-

cidating structural aspects of stratum corneum (SC) [1–5].

Non-invasive spectroscopic characterization of the outer-

most layer of the SC is an important subject in dermatology

and cosmetology. The SC, a heterogeneous structure

composed of corneocytes embedded in the intercellular

lamellar lipid bilayer, acts as the main epidermal barrier

against chemicals, oxidative stress, the UV component of

sunlight, and other invasive environmental factors, as well

as regulating transepidermal water loss (TEWL) to prevent

dehydration of viable cells underneath the SC. The inter-

cellular lamellar lipid bilayers play a critical role in these

barrier functions.

It is essential to know the composition of SC lipids as

well as their structure in relation to depth. The various

components, such as ceramides, cholesterol, and free fatty

acids of SC lipids have been investigated by thin-layer

chromatography (TLC) [6, 7]. It was also pointed out that

the levels of SC lipids in a group of women aged 41–50

showed a decrease in SC lipid levels [8].

At present, no quantitative method is available to eval-

uate the structures and motions of the molecular compo-

nents of the intercellular lamellar lipid bilayers. TEWL
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measurement is the only non-invasive method which

indirectly provides knowledge of the status of the lipid

layers in relation to water permeation, but the measurement

itself does not provide direct information regarding the

state of the SC. The ordering of the lipid bilayer can be

studied by X-ray analysis only for in vitro SC specimens or

model lipid membranes composed of water. Structural

information can be obtained by analysis of aliphatic spin

probes incorporated into the lamellar lipids using EPR [1–

5]. Therefore, EPR can potentially detect the skin-lipid

structures as well as their dynamics.

The EPR spin probe method has been utilized to char-

acterize the skin-lipid structures [1, 2], as well as fluidity

[3]. The physicochemical properties of intercellular lipids

of SC were investigated as a function of various surfactants

[4], and water content [5]. These studies provided infor-

mation about the fluidity-related behavior of SC under

various conditions by measuring EPR signal intensities and

hyperfine values. Recently, we recognized that the con-

ventional method of calculating the chain ordering using

hyperfine values cannot differentiate subtle EPR spectral

changes [1, 2]. Changes in the probe behavior are reflected

in the EPR line width as well as the line shape, besides the

hyperfine values. Precise analysis of EPR spectra can be

performed by spectral simulation to extract quantitative

ordering of the lipid structures [9, 10]. Therefore, EPR in

conjunction with a simulation method should be useful to

obtain direct information regarding skin-lipid structures.

Such knowledge of the SC structural changes and mobility

would be important in understanding the mechanism of

irritant dermatitis and other SC diseases.

This paper describes an EPR investigation of the lipid

ordering of SC using aliphatic spin probes together with a

slow-tumbling simulation. EPR spectra were analyzed both

by conventional calculation and slow-tumbling simulation.

The obtained values of the order parameter are discussed in

terms of EPR spectral changes in relation to the lipid

moieties.

Experimental Section

Sample Preparations of Stripped SC from Volunteers

and Spin Labeling of the SC

The Fukushima Medical University Internal Review Board

approved all protocols used herein. The ethical principles

for non-clinical biomedical research involving human

subjects as stated in the Declaration of Helsinki Guidelines

were adhered to in every respect. SC was removed from the

mid-volar forearm of volunteers, who had given informed

consent to the procedure, with a single drop of cyanoac-

rylate resin, and placed on quartz glass (7 9 37 mm2;

Matsunami Glass Ind. Ltd., Japan). The time interval was

approximately 2 min between successive strippings. The

spin probe agents, 5-doxylstearic acid (5-DSA) and 3b-

doxyl-5a-cholestane (CHL), were purchased from Aldrich-

Sigma Chemical Co. Inc. and used as received. A sche-

matic representation of the configuration of the spin probes

in a membrane is shown in Fig. 1. SC samples were

incubated in *50 lM probe aqueous (H2O) solutions for

*60 min at 37 �C. After rinsing with deionized water to

remove excess spin probe, the SC sample was mounted in

the EPR cavity. Sample preparation has been described in

detail elsewhere [1, 2].

EPR Measurements

EPR measurements were performed with an EMX EPR

spectrometer from Bruker Instruments Inc. (Billerica, MA).

First derivative, X-band spectra were recorded in a high

sensitivity microwave cavity using a microwave power,

5 mW; time constant, 0.1 s; sweep time, 120 s; modula-

tion, 0.1 mT; sweep width, 12.5 mT. Each spectrum used

in the data analysis is an average of 2–5 scans. All mea-

surements were performed at ambient temperature. The

x

CHL5-DSA

N

O

OO

O

O
N O

z

x

z

Fig. 1 A schematic representation of the configuration of the

aliphatic spin probes in a membrane, where the Z-axis of the acyl

chain is parallel to the z-axis of the membrane
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resulting EPR spectra of 5-DSA in the SC samples were

analyzed using two methods: conventional calculation of

the order parameter and spectral simulation [9].

Conventional EPR Analysis

The inclination of the principal axis of the nitroxide radical

to the rotational axis of the long-chain probe molecule

represents a measure of the order–disorder of the molecular

assemblies of a membrane. The order parameter indicates

the membrane chain dynamics and microenvironment of

the medium in which the spin probe is incorporated. The

conventional order parameter (S) is determined from the

hyperfine coupling of the EPR signals according to the

following relations [11]:

S ¼
Ak � A?

AZZ � 1
2

AXX þ AYYð Þ �
a

a0
; ð1Þ

a0 ¼
Ak þ 2A?

3
; ð2Þ

where a is the isotropic hyperfine value, (AXX ? AYY ?

AZZ)/3; AXX, AYY, and AZZ are the principal values of the

spin probe. In calculation based on the experimental

spectra, the following principal components were used for

5-DSA [12].

AXX;AYY ; AZZ ¼ 0:66; 0:55; 3:45ð Þ mT ð3Þ
gXX; gYY ; gZZ ¼ 2:0086; 2:0063; 2:0025ð Þ ð4Þ

The experimental hyperfine couplings of 2A|| and 2A\ are

obtained from the EPR spectrum. The order parameter

indicates that the S value increases with increasing

anisotropy of the probe site in the membrane. On the other

hand, the S value becomes zero for completely isotropic

rotation of the nitroxide radical. Since the spin probe is

incorporated into the highly oriented intercellular lipid

structure in normal skin, in which the probe cannot move

freely due to the rigidity of the lipid structure, its EPR

spectrum represents the microscopically oriented profile.

When the normal structure is completely destroyed by

chemical and/or physical stress, the EPR spectral profiles

changes to three sharp lines because the probe mobility is

unrestricted. Therefore, the EPR spectral profile reflects the

rigidity of the environment of the probe moiety. However,

the conventional analysis measuring 2A|| and 2A\ gives

limited information concerning the probe moiety in the

membrane, and may not reveal subtle differences in the

overall spectra related to the membrane chain ordering [9].

EPR Slow-Tumbling Simulation Analysis

The slow-tumbling motions of the aliphatic spin probes

were calculated using the nonlinear least-squares fitting

program called NLSL (2000 version for Windows) to

analyze the EPR spectra based on the stochastic Liouville

equation [13–15]. The simulation of the EPR spectra for

spin probes incorporated into multilamellar vesicles was

performed using a microscopically ordered but macro-

scopically disordered (MOMD) model introduced by

Meirovitch et al. [16]. This model is based on the charac-

teristics of the dynamic structure of lipid dispersions. For

example, lipid molecules are preferentially oriented by the

local structure of the bilayer, but the lipid bilayer fragments

are overall distributed randomly. The spectrum from the

sample can be regarded as a superposition of the spectra

from all of the fragments.

The lipid and DSA molecules in the bilayer membrane

experience ordering potentials, which restrict the amplitude

of the rotational motion. The orienting potential in a lipid

bilayer, U(X), determines the orientational distribution of

molecules with respect to the local ordering axis of the

membrane bilayer. It can be expressed as an expansion in

generalized spherical harmonics [17, 18],

�U=kT ¼ c2
0D2

00 Xð Þ þ c2
2 D2

02 Xð Þ þ D2
0�2 Xð Þ

� �
þ � � � ;

ð5Þ

where X = (a, b, c) are the Euler angles between the

molecular frame of the rotational diffusion tensor and the

local director frame. The c0
2 and c2

2 are dimensionless

potential energy coefficients, k is the Boltzmann constant,

and T is the absolute temperature.

The order parameter, S0, is defined as

S0 ¼ D2
00

� �
¼ 1

2
3 cos2 c� 1
� �

� �

¼
R

dX expð�U=kTÞD2
00R

dX expð�U=kTÞ ; ð6Þ

which measures the angular extent of the rotational diffu-

sion of the nitroxide moiety. Gamma (c) is the angle

between the rotational diffusion symmetry axis and the z-

axis of the nitroxide axis system; z is the axis of the nitrogen

2pz atomic orbital, and the x-axis lies along the N–O bond,

as shown in Fig. 2. The local or microscopic ordering of the

nitroxide spin probe in the membrane is characterized by

the S0 value. A larger S0 value indicates more restricted

motion. Therefore, S0 reflects the local ordering of bilayer

molecules in the membrane. The A and g of Eqs. 3 and 4

were used for the simulation of 5-DSA, respectively.

Results

Figure 3 shows the experimental and simulated EPR

spectra of 5-DSA in the SC. The reasonable agreement of

the experimental and simulated spectra suggests that

Lipids (2010) 45:91–96 93
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simulation analysis can provide detailed information

regarding the SC lipids. The S0 value changes from 0.25 to

0.74, while the S value is in the range of 0.56–0.59. The

conventional S value was calculated using the hyperfine

values (2A|| and 2A\) from the observed spectrum in Eq. 1.

The arrow in the spectrum (a) indicates the character-

istic peak, which is prominent only for the first strip

(Fig. 3). This peak mainly does not belong to the slow

probe motion in the SC. The peak diminishes in intensity

with increasing depth in the SC. The marked peak appears

near the center of the spectrum because the probe embed-

ded in the first sample stripped has greater freedom of

motion. The other two lines of the nitroxide probe overlaid

the central region of the spectrum. The results imply that

the probe signal can originate from sebaceous secretion

where the probe is relatively mobile [2].

Figure 4 shows that human SC stripped from lower-leg

presents typical EPR spectra of 5-DSA incorporated in the

SC lipids. The EPR spectrum of stripping number 1 slightly

differs from number 3. The characteristic peak indicated

the arrow in the spectrum is prominent only for the first

strip. This peak diminishes in intensity with increasing

depth in the SC. Satisfactory agreement between the

Membrane Surface

x

z

yN

O

O

Z

Fig. 2 A schematic representation of a conformation of DSA spin

probe in the SC membrane, where Z-axis of the acyl chain is parallel

to z-axis of the nitrogen 2Pz orbital

(A)

2 mT

(B)

Fig. 3 The experimental (solid line) and simulated (dotted line) EPR

spectra of 5-DSA in stripped SC from human mid-volar forearm (M,

79). The arrow indicates the characteristic peak for the first strip. The

S0 values obtained by the simulation were a 0.25 and b 0.74

(A)

2 mT

(B)

Fig. 4 The experimental (solid line) and simulated (dotted line) EPR

spectra of 5-DSA in stripped SC from human lower-leg. Parallel and

perpendicular hyperfine components are indicated for the conven-

tional calculation. The S0 values obtained by the simulation were a
0.28 and b 0.60
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experimental and calculated spectra can provide a quanti-

tative S0, which reveals the microscopic ordering in asso-

ciation with the structure of the SC lipids.

Figure 5 presents typical EPR spectra of 5-DSA incor-

porated in the SC lipids from human mid-volar forearm (F,

age 51). The characteristic peak indicated by the arrow is

prominent only for the first strip. The reasonable agreement

of the simulated and experimental spectra suggests that

simulation analysis can provide comprehensive informa-

tion regarding the SC lipids.

Discussion

The modern EPR slow-tumbling simulation reveals

detailed SC lipid structure. Significant differences exist

between the conventional and simulated order parameters

in Fig. 3. Because the slow-tumbling simulation calculates

the total line-shape of the spectrum, it is able to extract

more detailed information about the SC structure than the

conventional analysis, which is normally ambiguous in

distinguishing the two hyperfine components (parallel and

perpendicular) from the experimental spectrum due to the

presence of weak and broad signals [5]. Thus, the S0 values

(0.2–0.9) obtained by the simulation suggest that the out-

ermost SC layers are less rigid (or more mobile), while the

deeper lipid layers (S0–0.9) have more rigid and oriented

structures.

One can calculate the angle (c in Fig. 2) between the

rotational diffusion symmetry axis (the lipid in SC) and the

z-axis of the nitroxide axis system [19]. Figure 6 represents

the schematic illustration of the bilayer distance in relation

to the angle. The simulated S0 value of 0.25 can be the

angle of 45�. The value of 0.74 is the angle of 25�. The

angle suggests that the SC lipids align nearly perpendicu-

larly to the bilayer surface. The larger S0 value yields larger

distance between the lipid bilayer. The analysis implies

that the longer distance of the lipid bilayer can be related to

the oriented SC structure.

The S0 value changes from 0.28 to 0.60, while the S

value is in the range of 0.63–0.64 in Fig. 4. The S0 value of

0.60 is the angle of 31�. The higher S0 value implies that

the lower SC lipids have better-ordered structure than those

of the upper SC lipids. Similarly, the S0 value was 0.34,

while the S value was 0.54. The simulated S0 value of 0.34

can be the angle of 42� in Fig. 5.

Figure 7 shows EPR spectra of CHL from the mid-volar

forearm of a male subject. A relatively broad 3 line pattern

was obtained. The spectral pattern was very similar to that

of the first strip, except for the intensity. The intensity of

the second stripped sample was weak under the same

experimental procedure for the probes. The weaker inten-

sity than that of 5-DSA and the broad 3 line signal suggest

that CHL probe may not be easy to incorporate with the SC

lipid. Moreover, the weak intensity implies that the

broadening may not be due to the spin–spin interaction.

(A)

(B)

2 mT

Fig. 5 The experimental (solid line) and simulated (dotted line) EPR

spectra of 5-DSA probe in stripped SC from human mid-volar

forearm (F, 51). The arrow indicates the characteristic peak for the

first strip. The S0 values obtained by the simulation were a 0.34 and b
0.36

Simulated value

S0 = 0.25 ( = 45 º)

Bilayer
distance

Lipid Bilayer
Simulated value

S0 = 0.25 ( = 45 º)

Bilayer
distance
Bilayer

distance

Lipid Bilayer

Fig. 6 Schematic illustration of relative lipid bilayer distances and

the values of simulated order parameter related to the angles

between the bilayer surface and the single-chain probe. The angle

(c) reflects the bilayer distance
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The dotted line is the slow-tumbling simulation of the

CHL spectrum in Fig. 7. There is a clear difference

between the observed and the simulated spectrum. The

discrepancy suggests that CHL moieties might be quite

different orientations as well as motions in the SC. The

EPR and the simulation results imply that CHL probe is

difficult to incorporate into the SC lipids and the probe may

locate into different parts in the SC.

EPR spectroscopy along with a modern computational

analysis provides quantitative insight into the SC structure

as a function of the depth. The EPR spectral pattern contains

information regarding the probe mobility as well as the lipid

structure. Satisfactory agreement between the experimental

and calculated spectra can provide a quantitative S0, which

reveals the microscopic lipid chain ordering in the SC. In

addition, the EPR method recognizes sebaceous exudates

[2]. Thus, EPR together with computational analysis could

in turn provide more comprehensive information, which

would result in the understanding of various SC.
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Abstract Since liver fatty acid binding protein (L-FABP)

facilitates uptake/oxidation of long-chain fatty acids in

cultured transfected cells and primary hepatocytes, loss of

L-FABP was expected to exacerbate weight gain and/or

obesity in response to high dietary fat. Male and female

wild-type (WT) and L-FABP gene-ablated mice, pair-fed a

defined isocaloric control or high fat diet for 12 weeks,

consumed equal amounts of food by weight and kcal. Male

WT mice gained weight faster than their female WT

counterparts regardless of diet. L-FABP gene ablation

enhanced weight gain more in female than male mice—an

effect exacerbated by high fat diet. Dual emission X-ray

absorptiometry revealed high-fat fed male and female WT

mice gained mostly fat tissue mass (FTM). L-FABP gene

ablation increased FTM in female, but not male, mice—an

effect also exacerbated by high fat diet. Concomitantly,

L-FABP gene ablation decreased serum b-hydroxybutyrate

in male and female mice fed the control diet and, even

more so, on the high-fat diet. Thus, L-FABP gene ablation

decreased fat oxidation and sensitized all mice to weight

gain as whole body FTM and LTM—with the most gain

observed in FTM of control vs high-fat fed female L-FABP

null mice. Taken together, these results indicate loss of

L-FABP exacerbates weight gain and/or obesity in

response to high dietary fat.

Keywords Liver � Fatty acid binding protein �
Fat � Oxidation � Body weight � Fat/lean tissue mass

Abbreviations

L-FABP Liver fatty acid binding protein

FTM Fat tissue mass

LTM Lean tissue mass

WT Wild-type

DEXA Dual emission X-ray absorptiometry

LCFA Long chain fatty acids

rtPCR Real-time PCR

ACO-1 Palmitoyl CoA oxidase-1

ACO-2 Branched chain CoA oxidase-2

ACO-3 Pristanoyl CoA oxidase-3

PBE L-peroxisomal bifunctional enzyme

CpT1-l Carnitine palmitoyl CoA

acyltransferase-1

MCAD Mitochondrial medium chain acyl CoA

dehydrogenase

HMG-CoA Syn HMG-CoA synthase

CYP4A3 Cytochrome p450, family 4, subfamily

A, polypeptide 3

Introduction

Liver fatty acid binding protein (L-FABP) is a small

14-kDa soluble protein highly expressed in tissues active in

long chain fatty acid (LCFA) uptake, oxidation and

metabolism—especially liver, intestine, and kidney

(0.1–0.4 mM; rev. in [1]). L-FABP is unique among the

fatty acid binding protein family in that it has two

known (rather than one) ligand binding sites, a broad
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range/promiscuity for a variety of ligands, and high affinity

for long chain fatty acids (LCFAs) or their CoA thioesters

(LCFA-CoAs) [1–6]. Demonstration of LCFA and LCFA-

CoA binding to L-FABP provided the first insight that this

protein may be involved in LCFA uptake and intracellular

targeting to metabolic organelles for oxidation and esteri-

fication. This expectation has since been borne out by

multiple studies performed in vitro, in cultured cells, and

mice as follows:

Purified L-FABP extracts LCFA/LCFA-CoA from

membranes and protects LCFA-CoAs from hydrolysis

[7–11]. Also in vitro, L-FABP removes palmitoyl CoA

induced substrate inhibition of carnitine palmitoyltrans-

ferase-1, the rate limiting step in mitochondrial LCFA

oxidation [12, 13], and serves as a LCFA donor protein for

peroxisomal and LCFA-CoA donor protein for mitochon-

drial LCFA oxidation [14, 15]. Finally, L-FABP facilitates

presentation of bound LCFA-CoA for esterification to

phosphatidic acid and cholesteryl ester by purified liver

microsomes [7–11]. Thus it was expected that L-FABP

should alter LCFA oxidation and esterification in living

cells and in animals.

In L-FABP overexpressing transformed cells, L-FABP

enhanced LCFA uptake [1, 16–19], intracellular transport/

diffusion [1, 17], oxidation (especially with branched-chain

fatty acids selectively oxidized in peroxisomes [20], and

esterification [16, 18, 21]. Initial physiologic studies sug-

gested that L-FABP may function in LCFA metabolism.

For example, L-FABP concentration in rat tissues was

directly related to the oxidative capacity (liver or other

L-FABP expressing tissues) [22, 23]. Further, peroxisomal

proliferators induced expression of L-FABP and peroxi-

somal b-oxidation in primary rat hepatocyte cultures

[24, 25]. More recently, the relevance of L-FABP to

LCFA/LCFA-CoA oxidation and esterification was more

firmly established by studies with genetically engineered

mice, in which L-FABP gene ablation inhibited hepatic

LCFA uptake and LCFA oxidation in vivo, and reduced

hepatic cytosol binding capacity for LCFA and LCFA-CoA

[26–29]. Cultured primary mouse hepatocytes from

L-FABP knockout (KO) and wild-type (WT) mice also

confirmed that loss of L-FABP reduced LCFA uptake,

intracellular transport/diffusion, and oxidation [30].

Thus in-vitro, cultured-cell, and animal studies have

indicated that L-FABP is involved in hepatic uptake of

LCFAs derived from diet or adipose tissue. In the liver,

L-FABP may target bound LCFA and/or LCFA-CoA to

intracellular organelles for oxidation (mitochondria, per-

oxisomes) or esterification [endoplasmic reticulum (ER)]

for storage (lipid droplets) or secretion (VLDL). Since the

net effect of L-FABP would elicit rapid hepatic uptake and

removal of LCFAs—primarily by oxidation since hepatic

storage of esterified LCFAs is limited—it was hypothesized

that L-FABP gene ablation would enhance high fat diet

induced weight gain and obesity. This hypothesis was tested

in male and female and L-FABP KO and WT mice pair-fed a

defined isocaloric high fat versus control diet. Absence of

L-FABP exacerbated weight gain and obesity induced by

high dietary fat.

Materials and Methods

Materials

RNeasy mini kits were from Qiagen (Valencia, CA).

Probes and primers used in the real-time PCR experiments

on mouse liver RNA were purchased from Applied Bio-

systems (Foster City, CA). Protein was quantified by Pro-

tein Assay Dye Reagent (Bio-Rad Laboratories, Hercules,

CA).

Animals

L-FABP gene-ablated mice were generated using a con-

struct strategy that deleted all four exons of the L-FABP

gene as described earlier [26]. Since the L-FABP KO mice

were backcrossed to normal C57BL/6NCr mice (Charles

River Wilmington, MA obtained through the National

Cancer Institute, Frederick Cancer Research and Devel-

opment Center, Frederick, MD) to the N6 generation

(98.4% genetic homogeneity), C57BL/6NCr mice of

matching sex/age were used as control animals for the

feeding studies. Mice were housed in ventilated microiso-

lator cages, temperature was maintained at 25 �C, and

lighting was a constant 12-h light/dark cycle. For the first

7 weeks of life mice were given water and fed standard

chow (4.4% gm% fat, Harlan Teklad Rodent Diet 8604,

Madison, WI) ad libitum. The Animal Care and Use

Committee of Texas A&M University approved all animal

protocols.

Composition of Experimental Diets

Defined high fat and control pelleted diets were obtained

commercially (Research Diets, Inc., New Brunswick, NJ).

The defined control diet (# D12450B, Research Diets, Inc.,

New Brunswick, NJ) was comprised of 20, 70, and 10 kcal%

protein, carbohydrate and fat, respectively, with caloric

value of 4,057 kcal/1,055 g or 3.85 kcal/g diet (Table 1).

The control diet contained 10 kcal% (4.3 gm%) as fat

comprised of soybean oil and lard in nearly equal weight

proportions. The isocaloric high-fat diet (# D12451,

Research Diets, New Brunswick, NJ) was comprised of 20,

35, and 45 kcal% protein, carbohydrate and fat, respec-

tively, with caloric value of 4,057 kcal/858 g or 4.73 kcal/g
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(Table 1). Fat was increased to 45 kcal% (24 gm%) by

increasing the amount of lard (but not soybean oil) and

decreasing the amount of carbohydrate. Both control and

high-fat diets had very low cholesterol, 0.002 and 0.02%,

respectively, by weight. Fatty acids in the control diet were

25.1, 34.7, and 40.2% saturated, monounsaturated, and

polyunsaturated fatty acids, respectively (Table 1), while

fatty acid composition in the high-fat diet was comprised of

36.3, 45.3, and 18.5% saturated, monounsaturated, and

polyunsaturated fatty acids, respectively (Table 1). Thus,

the high-fat diet had more saturated and monounsaturated

concomitant with less polyunsaturated fatty acids.

Dietary Study

One week before beginning the dietary studies, male and

female mice (7 weeks old, 20–30 g) were switched to a

pelleted defined control diet (10 kcal% fat; # D12450B,

Research Diets, Inc., New Brunswick, NJ) described above

(Table 1), a diet free of significant amounts of phytoes-

trogens or cholesterol [31] that could complicate any high-

fat effect and sex-based comparisons [32]. Each mouse was

housed individually in Tecniplast Sealsafe IVC cages

equipped with external water bottles and lid holders with

wire bars for holding food pellets. After 1 week of accli-

mation on the control diet, pair-feeding of the high-fat diet

for 12 weeks was accomplished as follows: male and

female WT and L-FABP KO mice were divided into four

groups of 14 mice each: male L-FABP KO, male L-FABP

WT, female L-FABP KO, and female L-FABP WT mice.

On day one of the feeding study, the amount of control diet

consumed as determined by weight and calorie content was

measured in one half of the mice in each group. On day

two, the other half of each group were pair-fed (1 day

offset) the defined high-fat diet based on the amount of

control diet consumed by the first half. Each day in the

12-week study body weights of mice from each group were

recorded and the amount of high fat and control diet con-

sumed was measured to ensure that each paired group was

given food that by weight and calorie was similar to within

a non-significant margin of the control group from the

previous day. Briefly, at mid-morning daily, each mouse

was weighed, and food intake was measured by weighing

remaining pellets in the food holder plus any gathered from

bedding. The latter were easily recovered since the food

was color-coded (yellow for control food, red for high-fat

food). At the end of 12 weeks, mice were fasted overnight

12 h, to assure that liver was not influenced by recent

digestion and to give more uniform liver weights. Mice

were then anesthetized by intraperitoneal (IP) injection of a

mixture of ketamine and xylazine (0.01 mL/g body weight;

10 mg ketamine/mL and 1 mg xylazine/mL in 0.9% saline

solution), weighed, and examined for whole body pheno-

type (see below). The anesthetized mice were then eutha-

nized by cervical dislocation, serum collected, and livers

harvested, weighed, snap-frozen on dry ice, and stored at

-80 �C for mRNA analyses as described [33].

Whole-Body Phenotype

The whole body phenotype was analyzed at the beginning

and end of the study by dual-energy X-ray absorptiometry

(DEXA) utilizing a Lunar PIXImus densitometer (Lunar

Corp., Madison, WI). DEXA determined the relative pro-

portion of fat tissue mass (FTM) and bone-free lean tissue

mass (LTM) as described earlier [34]. Prior to PIXImus

analysis each mouse was anesthetized as described in the

previous section. To facilitate recovery after the procedure,

mice were injected with yohimbine (0.11 lg/g body

weight), as well as with warm saline solution for rehy-

dration. Mice were kept warm during recovery with heat

pads to minimize heat loss, and checked every 10 min until

recovery was complete. Whole body composition was

determined by exposing the mouse (except the head region)

to sequential beams of low- and high-energy X-rays with

image acquisition of the X-rays impacting a luminescent

panel. Bone mass was separated from soft tissue mass by

measurement of the ratios of signal attenuation at the dif-

ferent energy levels. Soft tissue mass was further resolved

into lean tissue mass (LTM) and fat tissue mass (FTM) for

accurate measurement of whole body composition. Cali-

bration was performed using a phantom mouse with known

bone mineral density and FTM as described in Refs. [33,

34]. Data were expressed as gain in FTM and LTM at the

end of the dietary study compared to the beginning as

described earlier [34].

Serum b-Hydroxybutyrate Measurement

Serum levels of the ketone body b-hydroxybutyrate, a

product of acetyl CoA produced from fatty oxidation, can

be used to measure fatty acid oxidation in the liver [26, 28,

Table 1 Ingredient and fatty acid group percent composition in

control and high fat diets

Group Control diet High fat diet

Ingredient gm% (kcal%)

Protein 19.2 (20) 24 (20)

Carbohydrate 67.3 (70) 41 (35)

Fat 4.3 (10) 24 (45)

Fatty acid (%)

Saturated 25.1 36.3

Monounsaturated 34.7 45.3

Polyunsaturated 40.2 18.5
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29, 34]. Serum levels of b-hydroxybutyrate (3-HB) were

measured with high sensitivity and specificity according to

the manufacturer’s directions (Autokit 3HB, Wako

Diagnostics, Richmond, VA) by measuring the rate of

Thio-NADH (b-thionicotinamide adenine dinucleotide)

production spectrophotometrically at 405 nm upon oxida-

tion of 3-HB.

Liver Lipid Content

Liver lipids were extracted, resolved into individual lipid

classes, and quantitated as described earlier [34].

Real-Time PCR of Mouse Liver RNA

Real-time PCR (rtPCR) was performed on total RNA from

liver isolated and purified with RNeasy mini kits (Qiagen,

Valencia, CA) according to the manufacturer’s instructions.

Total concentration of RNA extracts was determined spec-

trophotometrically followed by confirmation of RNA

integrity by agarose electrophoresis and ethidium bromide

staining. Expression patterns were analyzed by quantitative

real-time PCR using an ABI PRISM 7000 Sequence

Detection System (Applied Biosystems, Foster City, CA),

TaqMan� One Step PCR Master Mix Reagent kit, as well as

gene specific TaqMan� PCR probes and primers. Thermal

cycler protocol was as follows: 48 �C for 30 min, 95 �C for

10 min before the first cycle, 95 �C for 15 s, and 60 �C for

1 min, repeated 40 times. TaqMan� One Step chemistry was

used for total RNA reverse-transcription in the first step of

the thermal cycler protocol (48 �C for 30 min) prior to

amplification. Specific probes and primers were Assay-on-

Demand� products for mouse: (i) Peroxisomal fatty acid

oxidative enzymes: palmitoyl CoA oxidase-1 (ACO-1,

Mm00443579_m1), branched chain CoA oxidase-2 (ACO-2,

Mm00446408_m1), pristanoyl CoA oxidase-3 (ACO-3,

Mm00446122_m1), and L-peroxisomal bifunctional

enzyme (PBE, Mm00470091_m1); (ii) Mitochondrial fatty

acid oxidative enzymes: carnitine palmitoyl CoA acyl-

transferase 1 (CpT1, Mm00550438_m1) and mitochondrial

medium chain acyl CoA dehydrogenase (MCAD;

Mm00431617_m1); and (iii) ER lipid metabolic enzymes

including cytochrome p450, family 4, subfamily A, poly-

peptide 3 (CYP4A3, Mm00484132_m1). Probes and prim-

ers were from Applied Biosystems (Foster City, CA).

Experiments were performed in triplicate and analyzed with

ABI Prism 7000 SDS software (Applied Biosystems) to

determine the threshold cycle (CT) from each well. Primer

concentrations and cycle number were optimized to ensure

that reactions were analyzed in the linear phase of amplifi-

cation. The mRNA expression levels of ACO-1, ACO-2,

ACO-3, PBE, CPT-1, MCAD, and CYP4A3 determined in

all groups were normalized to the housekeeping gene coding

for 18S RNA. All mRNA data were expressed relative to the

control male wild type mouse group on control diet). Rela-

tive expression levels were determined by the comparative

2�DDCT method [35] where DDCT = [CT of target gene -

CT of 18 s]different mice groups - [CT of target gene - CT of

18 s]control mouse group as described in User Bulletin 2, ABI

Prism 7000 Sequence Detection System (Applied Biosys-

tems, Foster City, CA).

Statistical Analysis

Data analysis was performed on eight dietary groups

consisting of seven mice/group: male control-fed WT,

female control-fed WT, male control-fed L-FABP KO,

female control-fed L-FABP KO, male high fat control

WT, female high fat control WT, male high fat L-FABP

KO, and female high fat L-FABP KO mice. All data were

analyzed by analysis of variance (ANOVA) combined

with the Newman-Keuls multiple comparisons test

(GraphPad Prism, San Diego, CA). Values represent the

mean ± SEM, with p \ 0.05 considered statistically

significant.

Results

Effect of High-Fat Diet and L-FABP Gene Ablation

on Food Consumption

To ensure that any alterations in weight gain were not due

to potential differences in food preference, mice were pair-

fed as described in ‘‘Materials and Methods’’. Under pair-

feeding conditions, one half of the mice in each group were

provided access to the same amount of the high-fat diet as

consumed each previous day by the other half of the mice

on the control diet. The overall result was that total food

consumption was similar whether the mice were fed the

high-fat or the control diet.

Since the caloric densities of the control and high fat

diet were similar, each paired group was given food that

by weight and calorie content was similar to within a

non-significant margin of the control group from the

previous day. Total food consumption of each mouse

was measured daily and summed over the 12-week

dietary to show that total gram mass and kcal of control

or high-fat diets consumed by WT males did not differ

from that of WT females (data not shown). Likewise,

L-FABP gene ablation did not significantly affect total

gram mass or total kcal of control or high-fat diet con-

sumed by either male or females. Thus, all groups

consumed the same amount of food and any differences

in weight gain or obesity were not due to differences in

food consumption.
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Effect of High-Fat Diet and Sex on Weight Gain

and Body Weight in Wild-Type Mice

While control-fed WT male (Fig. 1a, solid circles) and

female (Fig. 1c, solid circles) mice gained weight with

increasing time on the control defined diet, weights were

higher for males (0.093 ± 0.008 g/day) than females

(0.067 ± 0.007 g/day). The final body weight of WT

males (Fig. 2a) was 1.3-fold significantly higher than that

of females (Fig. 2b), but males started with higher initial

body weights such that there was only a slight difference in

weight gain when expressed as a percent gain (Fig. 2c).

On the high-fat diet, both WT males (Fig. 1b, solid

circles) and females (Fig. 1d, solid circles) also gained

weight with increasing time, with males gaining markedly

more weight than on control food. WT males on the high-

fat diet gained weight at nearly twofold faster rate

(0.18 ± 0.01 g/day) than on the control diet (0.09 ±

0.01 g/day). In contrast, WT females on the high-fat diet

gained weight at a similar rate (0.063 ± 0.004 g/day) to

control diet (0.067 ± 0.007 g/day). Consequently, at the

end of the 12-week study, WT males weighed much more,

regardless of whether expressed as total body weight

(Fig. 2a) or as % change in weight (Fig. 2c), than their WT

female counterparts (Fig. 2b, d). However, these changes

were not due to differences in food consumption (data not

shown). Thus, WT males gained weight faster, regardless

of control or high-fat diet, and were more sensitive to

weight gain induced by high-fat diet than their WT female

counterparts.

Effect of High-Fat Diet and Sex on Weight Gain

and Body Weight in L-FABP Knockout Mice

L-FABP gene ablation did not significantly affect the rate

of weight gain in males (Fig. 1a, solid triangles) fed the

control diet. While L-FABP gene ablation trended to

slightly decrease the rate of weight gain in females

(Fig. 1c, solid triangles) on the control diet, this effect did

not achieve statistical significance. The lack of effect of

L-FABP gene ablation on rate of weight gain on control

diet was reflected in only slight or no differences in final

body weight (Fig. 2a, b) and % change in body weight

(Fig. 2c, d) in male or female L-FABP KO mice as com-

pared to their WT counterparts. In contrast, L-FABP gene

ablation significantly increased weight gain in response to

the high fat diet, most prominently in females (Fig. 1d,

solid triangles) where significant differences were observed

in weeks 9–12 between the high-fat fed female KO versus

WT mice. However, while weight gain in L-FABP KO

males trended higher than for WT males, the rate did not

achieve statistical significance at p \ 0.05 (Fig. 1b). In

contrast, L-FABP KO females gained weight nearly

1.8-fold faster than WT females on the same high fat,

12-week diet (Fig. 1d). As a result, at the end of the 12-week

high-fat diet, L-FABP KO females weighed significantly
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Fig. 1 Weekly weight gain in

response to high-fat diet and

L-FABP gene ablation. Weight

gain of male (a, b) and female

(c, d) WT and L-FABP KO

mice fed a defined control-diet

(a, c) or high-fat diet (b, d) was

measured daily and summed

weekly as described in

‘‘Materials and Methods’’. Solid

circles refer to WT mice while

solid triangles refer to L-FABP

KO mice. Values represent the

mean ± sem, n = 5–7.

Statistical analysis was as

follows: * p B 0.05 versus WT

mice on high fat diet
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more than their WT female counterparts, expressed as total

body weight (Fig. 2b) and as % change in weight (Fig. 2d).

However, as previously noted, because the dietary study

was pair-fed, weight gain differences were not due to dif-

ferences in food consumption.

Taken together, these data indicate that L-FABP gene

ablation increases sensitivity, particularly of female mice,

to high-fat diet induced weight gain.

Effect of High-Fat Diet and Sex on Liver Weight

While high-fat diet did not affect liver weights (Fig. 2e, f) or

the ratio of liver weight/body weight (Fig. 2g, h) in either

male or female WT mice, L-FABP gene ablation signifi-

cantly altered these parameters. In control-fed mice,

L-FABP gene ablation decreased the liver weight in both

males and females (Fig. 2e, f), and the ratio of liver weight/

body weight was also decreased in males (Fig. 2g) as

compared to their WT counterparts. The high-fat diet further

decreased liver weight (Fig. 2e, f) slightly and decreased the

ratio of liver weight/body weight (Fig. 2g, h) in both

L-FABP KO males and females as compared to their

respective control-fed groups. Thus, L-FABP gene ablation

decreased absolute liver mass (g) in both males and females

on the control diet. The high-fat diet exacerbated these

decreases in both L-FABP KO males and females.

Although high fat diet and/or L-FABP gene ablation

elicited small changes in content of several individual lipid

classes, there was little effect on the total level of liver

lipids indicative of steatosis, primarily the neutral lipids

(triglyceride ? cholesterol ester). Neither isocaloric pair

feeding of high fat diet nor L-FABP gene ablation signifi-

cantly elevated the total level of neutral lipids indicative of

steatosis in male mice (Table 2). Neutral lipid content of
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Fig. 2 Effect of L-FABP gene

ablation and high-fat diet on

final body weight and liver

weight. Final body weight (a, b)

and % gain in body weight

(c, d) were determined for male

(a, c) and female (b, d) WT

(hatched bar) and L-FABP KO

(solid bar) mice fed defined

control-diet or high-fat diet for

12 weeks as described in

‘‘Materials and Methods’’. After

killing, liver weights (e, f) and

liver weight/body weight (g, h)

were determined for male (e, g)

and female (f, h) WT and

L-FABP KO mice as in

‘‘Materials and Methods’’.

Values represent the

mean ± sem, n = 5–7.

Statistical analysis was as

follows: * p B 0.05 versus WT

mice on control-diet;

@ p B 0.001 versus L-FABP

KO mice on control-diet;

^ p B 0.001 versus WT mice on

high-fat diet; and # p B 0.003

versus male L-FABP KO on

high-fat diet
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livers from female mice, regardless of diet or genotype,

was generally about twofold higher in female than male

mice (Table 2). However, neither isocaloric pair feeding of

high fat diet nor L-FABP gene ablation significantly ele-

vated these lipids in female mice (Table 2). Thus, pair-

feeding of isocaloric high fat diet did not induce hepatic

steatosis in either male or female mice. Likewise, L-FABP

gene ablation did not induce hepatic steatosis—regardless

of the diet.

Effect of High-Fat Diet and Sex on Fat and Lean Tissue

Mass in Wild-Type Mice

To determine if the above changes in body weight were due

to altered fat tissue mass (FTM), lean tissue mass (LTM), or

both, dual emission X-ray absorptiometry (DEXA) was

performed on each mouse at the beginning and end of the

dietary study as described in ‘‘Materials and Methods’’.

Quantitative analysis and comparison of multiple DEXA

images taken at the end versus the beginning of the dietary

study showed that control-fed male WT mice (Fig. 3a)

exhibited a greater proportion of weight gain as FTM than

their female counterparts (Fig. 3b). Furthermore, high-fat

fed WT males and females had 3.6- and 3.7-fold higher fat

gain, respectively (Fig. 3a), as compared to control diet

animals. In addition, the control-fed wild-type males gained

much more LTM than their female counterparts (Fig. 3d).

In summary, these data indicated that both WT male and

female mice were more susceptible to fat weight gain on a

high-fat diet than control diet.

Effect of L-FABP Gene Ablation on Fat and Lean

Tissue Mass in Response to A High-Fat Diet

DEXA analysis revealed that the gain in FTM in L-FABP

KO male and female mice exhibited a similar qualitative

pattern as their WT counterparts on the control diet

(Fig. 3), but L-FABP gene ablation increased FTM in

control and high-fat fed female mice with a trend towards

increase observed for the male KO mice (Fig. 3a). LTM

was also increased in the control and high-fat female

(Fig. 3d) but not male (Fig 3c) KO mice.

Thus with a control diet, L-FABP gene ablation increased

both fat and lean tissue mass in both males and females as

compared to WT mice on the same diet. In response to high-

fat diet, both L-FABP KO males and females gained more

weight as fat, as well as lean tissue mass than their WT

counterparts, with more gain observed in females (Fig. 3b)

than males (Fig. 3a). The absolute gain observed in FTM

was highest for high-fat fed WT and L-FABP KO males

(Fig. 3a). In contrast, the largest fold increase in FTM was

measured in high-fat fed L-FABP null females (4.5-fold)

when compared to fold increases observed with male

counterparts (3.4–3.7-fold). In LTM, the high-fat fed

L-FABP KO males and females gained similar amounts as

compared to control-fed L-FABP KO counterparts.

Effect of High Fat Diet and L-FABP Gene Ablation

on Fatty Acid Oxidation: Serum b-Hydroxybutyrate

Level

In control-fed WT females, serum b-hydroxybutyrate

levels were about 50% higher than males (Fig. 4a),

indicating higher hepatic fatty acid oxidation. The high-

fat diet increased serum b-hydroxybutyrate levels in male

mice to levels indistinguishable from control-fed WT

female mice, but similar results were not observed with

high-fat fed WT females (Fig. 4b). In control-fed mice,

L-FABP gene ablation resulted in decreased serum

b-hydroxybutyrate levels in both males and females

(Fig. 4), and the high-fat diet produced further decreases,

most markedly in females.

Table 2 Effect of high fat diet and L-FABP gene ablation on liver lipid content

Sex Gene type Diet Lipid mass (nmol/mg protein)

PL C FFA TG CE Neutral lipids

Male WT Control 433 ± 23 32 ± 3 45 ± 4 454 ± 45 30 ± 4 484 ± 45

Male KO Control 392 ± 30 25 ± 4 30 ± 5 353 ± 33 28 ± 4 381 ± 33

Male WT High fat 417 ± 22 36 ± 4 23 ± 2 429 ± 28 46 ± 5 476 ± 29

Male KO High fat 446 ± 43 37 ± 3 25 ± 2 469 ± 37 46 ± 6 515 ± 38

Female WT Control 486 ± 45 30 ± 3 35 ± 5 907 ± 144 104 ± 14 1,012 ± 145

Female KO Control 546 ± 63 43 ± 5 31 ± 4 720 ± 62 135 ± 25 856 ± 67

Female WT High fat 467 ± 33 37 ± 3 19 ± 2 885 ± 53 101 ± 8 987 ± 54

Female KO High fat 459 ± 22 43 ± 3 24 ± 2 1,069 ± 112 143 ± 14 1,212 ± 113

Lipids were extracted and composition determined as described in ‘‘Materials and Methods’’. Values represent the mean ± SE (n = 5–8)

PL phospholipid, C cholesterol, FFA unesterified (free) fatty acid, TG triacylglyceride, CE cholesterol ester, Neutral Lipids TG ? CE
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Taken together, these data indicated that L-FABP gene

ablation decreased fatty acid oxidation—an effect magni-

fied by a high-fat diet.

Effect of High-Fat Diet and L-FABP Gene Ablation

on Hepatic Levels of Peroxisomal Enzymes Involved

in Fatty Acid Oxidation

Since decreased serum levels of b-hydroxybutyrate indi-

cated that L-FABP gene ablation reduced fatty acid oxi-

dation, especially in response to high-fat diet, mRNA

levels of four key enzymes involved in peroxisomal fatty

acid oxidation were examined: acyl CoA oxidase-1 (ACO-1,

the key enzyme in peroxisomal b-oxidation of straight-

chain fatty acids); acyl CoA oxidase-2 (ACO-2, involved in

branched-chain fatty acid oxidation); acyl CoA oxidase-3

(ACO-3, involved in oxidation of pristanoyl-CoA—a

branched-chain acyl CoA), and peroxisomal bifunctional

enzyme (PBE). In control-fed wild-type mice, peroxisomal

levels of ACO-1 (Fig. 5a, b), ACO-3 (Fig. 5c, d) and PBE

(Fig. 5g, h) were significantly lower (about twofold each)

in females versus males. The high-fat diet did not increase
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Fig. 3 Effect of L-FABP gene ablation and high-fat diet on whole

body phenotype: Gain and percent gain in fat tissue mass (FTM) and

lean tissue mass (LTM). At the beginning and end of the 12-week

dietary study, FTM and LTM was determined by dual emission X-ray

absorptiometry (DEXA) in male and female WT (hatched bar) and

L-FABP KO (solid bar) mice fed control- and high-fat diets as

described in ‘‘Materials and Methods’’. Changes in initial and final

FTM (a, b) and LTM (c, d) for male (a, c) and female (b, d) WT and

L-FABP KO mice were reported as gain in respective tissue mass.

Values represent the mean ± sem, n = 5–7. Statistical analysis was

as follows: * p B 0.02 versus WT mice on control-diet; @ p B 0.02

versus L-FABP KO mice on control-diet; ^ p B 0.006 versus WT

mice on high-fat diet; and # p B 0.001 versus male L-FABP KO mice
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the levels of these proteins in either sex as compared to

their control-fed, sex-matched counterparts.

L-FABP gene ablation did not significantly alter levels

of ACO1 in control-fed or high-fat fed mice (Fig. 5a, b). In

contrast, L-FABP gene ablation increased the level of

ACO-2 in control-fed male mice (Fig. 5c), but decreased

the level of ACO-2 in control-fed and high-fat fed females

(Fig. 5d) when compared to the correspondingly fed WT

mice. ACO-3 level was increased by L-FABP gene abla-

tion in high-fat fed L-FABP KO male mice (Fig. 5e).

Levels of PBE were not significantly altered by L-FABP

gene ablation in either male (Fig. 5g) or female (Fig. 5h)

mice fed control (or high-fat) diet as compared to similar

diet fed wild-type mice.

Taken together, these data indicated that, regardless of

diet, the male WT and L-FABP KO mice exhibited a

greater abundance of several key peroxisomal enzymes

(ACO-1, ACO3, PBE) involved in fatty acid oxidation as

compared to their female counterparts. L-FABP gene

ablation upregulated the expression of several of these

oxidative enzymes (ACO-2 in control-fed males; ACO-3 in

high-fat fed males), but did not change or slightly

decreased the levels of these and other fatty acid oxidative

enzymes depending on diet. Thus, the decreased fatty

acid oxidation indicated by decreased serum levels of

b-hydroxybutyrate in L-FABP KO mice was not associated

with decreased expression of most peroxisomal proteins

involved in fatty acid oxidation.

Effect of High-Fat Diet and L-FABP Gene Ablation

on Hepatic Levels of Mitochondrial Enzymes Involved

in Fatty Acid Oxidation

Carnitine palmitoyl transferase-1 (CPT-1, located at the

outer mitochondrial membrane), is the rate-limiting enzyme

involved in import of straight-chain fatty acids into
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Fig. 5 Effect of L-FABP gene

ablation and high-fat diet on key

enzymes in hepatic peroxisomal

fatty acid oxidation. At the end

of the 12-week dietary study,

livers were harvested and

expression of the key

peroxisomal enzymes involved

in peroxisomal fatty acid

oxidation was measured by real

time PCR as described in

‘‘Materials and Methods’’. Acyl

CoA oxidase-1 (ACO-1, a, b);

acyl CoA oxidase-2 (ACO-2,

c, d); acyl CoA oxidase-3

(ACO-3, e, f); and bifunctional

enzyme (PBE, g, h) were

determined for male (a, c, e, g)

and female (b, d, f, h) mice as

described in ‘‘Materials and

Methods’’. Cross-hatched and

solid bars refer to WT and KO

mice, respectively. Values

represent the mean ± sem,

n = 5–7. Statistical analysis

was as follows: * p B 0.02

versus WT mice on control-diet;

@ p B 0.002 versus L-FABP

KO mice on control-diet;

^ p B 0.03 versus WT mice on

high-fat diet; and # p B 0.01

versus male L-FABP KO mice

on high-fat diet

Lipids (2010) 45:97–110 105

123



mitochondria for b-oxidation, while medium chain acyl

CoA dehydrogenase (MCAD) is a key enzyme involved in

b-oxidation of straight-chain fatty acids within mitochon-

dria. MCAD (Fig. 6a, b) and CPT-1 (Fig. 6c, d) levels were

substantially lower in control-fed WT females than males.

The high-fat diet decreased expression of MCAD (Fig. 6a)

and CPT1 (Fig. 6c) in males, but not females. L-FABP gene

ablation did not significantly affect MCAD (Fig. 6a, b) or

CPT-1 (Fig. 6c, d) in control-fed males or females. On the

high-fat diet, similar findings were obtained with L-FABP

KO females, while MCAD (Fig. 6a), but not CPT-1

(Fig. 6c), was increased in the L-FABP KO males. There-

fore, decreased fatty acid oxidation shown as decreased

serum levels of b-hydroxybutyrate in L-FABP gene-ablated

mice on control and high-fat diets was also not associated

with diminution of key enzymes involved in mitochondrial

fatty acid b-oxidation.

Effect of High-Fat Diet and L-FABP Gene Ablation

on Hepatic Levels of Microsomal Enzymes Involved

in Lipid Metabolism

The relative abundance of Cytochrome P450 4A3

(CYP4A3), an important ER enzyme participating in

microsomal lipid oxidation, was also measured. High-fat

diet and L-FABP gene ablation decreased levels of

CYP4A3 in both male and female mice (Fig. 6e, f)

showing that L-FABP gene ablation did not increase levels

of a key ER enzyme involved in lipid oxidation.

Discussion

A major role of liver is to take up and effectively metab-

olize dietary long chain fatty acids (LCFAs) after intestinal

absorption (rev. in [1, 22, 23]). LCFAs as well as their CoA

thioesters are known to be potent detergents that dissolve

membranes and inhibit the action of multiple receptors and

enzymes (rev. in [1, 7, 36, 37]). To prevent these adverse

effects, mammals have evolved a family of cytosolic pro-

teins with sufficiently high affinity for these ligands that

intracellular levels of unbound free fatty acid and fatty acyl

CoA are maintained at a low level, i.e. nM range (rev. in

[1, 37–40]). High levels of liver fatty acid binding

protein (L-FABP) representing 2–5% of cytosolic protein

(0.1–0.4 mM) are expressed in tissues very active in long

chain fatty acid (LCFA) uptake, oxidation and metabo-

lism—especially liver, intestine, and kidney (rev. in [1]).

Studies performed in vitro show that L-FABP facilitates

uptake of fatty acids from membranes [7–11], removes
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Fig. 6 Effect of L-FABP gene

ablation and high-fat diet on

liver levels of key enzymes in

mitochondrial fatty acid

oxidation and microsomal lipid

oxidation. At the end of the

12-week dietary study, livers

were harvested and expression

levels of two key enzymes

involved in mitochondrial fatty

acid oxidation: medium chain

acyl CoA dehydrogenase

(MCAD, a, b), carnitine

palmitoyl transferase-1 (CPT-1,

c, d), and a key microsomal

enzyme involved in lipid

oxidation: cytochrome p4A3

(CYP4A3, e, f) were measured

by real time PCR in male (a, c,

e) and female (b, d, f) mice as

described in ‘‘Materials and

Methods’’. Cross-hatched and

solid bars refer to WT and KO

mice, respectively. Values

represent the mean ± sem,

n = 5–7. Statistical analysis

was as follows: * p B 0.04

versus WT mice on control-diet;

^ p B 0.009 versus WT mice on

high-fat diet; and # p B 0.005

versus male L-FABP KO mice

on high-fat diet
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substrate inhibition of carnitine palmitoyltransferase-1

(rate limiting step in mitochondrial LCFA oxidation) by

palmitoyl CoA [12, 13], and functions as a LCFA donor

protein for both peroxisomal and mitochondrial LCFA

oxidation in vitro [14, 15]. Other studies with L-FABP

overexpressing transformed cells have further established

the potential functional significance of L-FABP in facili-

tating LCFA uptake [1, 16–19], intracellular transport/dif-

fusion [1, 17], oxidation [20], and esterification [16, 18,

21]. The physiological significance and relevance of

L-FABP to LCFA and LCFA-CoA oxidation and esterifi-

cation was confirmed by numerous studies utilizing

L-FABP gene-ablated mice where hepatic LCFA uptake in

vivo and in cultured hepatocytes exhibited reduced hepatic

cytosolic binding capacity for LCFAs and LCFA-CoAs,

reduced intracellular LCFA transport/diffusion, and

decreased hepatic LCFA oxidation [26–30]. Since liver

stores relatively little esterified LCFA as lipid droplets, the

net effect of these actions of L-FABP would be to facilitate

rapid removal and oxidation. On this basis it was hypoth-

esized that L-FABP gene ablation would enhance weight

gain and obesity in a high-fat diet situation. To avoid

potential complications due to preference for high fat diet,

this hypothesis was addressed by pair feeding L-FABP KO

mice compared to WT mice on a defined control diet versus

isocaloric high-fat diet for 12 weeks as described in

‘‘Materials and Methods’’. The results provided the fol-

lowing new insights:

First, isocaloric pair feeding of high fat diet elicited sex-

dependent body weight gain in male, but not female, mice.

Because the mice were pair fed, the greater weight gain of

male vs female mice was not due to differences in food

consumption. While it was previously established that

ad libitum feeding high fat diet itself markedly increases

food consumption (as much as 40%) and consequently

body weight gain [41–47], the present findings clearly

established that weight gain was also greater (at least in

males) when the mice were pair fed an isocaloric high fat

diet. Thus, consuming the same number of calories as fat

(high fat diet) rather than carbohydrate (low fat diet)

resulted in increased weight gain in male mice. The greater

increase in male mouse body mass was associated with

about threefold greater increase in FTM than LTM while

female mice isocaloric pair fed high fat diet exhibited

increased FTM but not LTM. The molecular basis for the

differential response of male versus female mice to isoca-

loric pair fed high fat diet may be related in part to the sex

dependent difference in hepatic L-FABP expression in

rodents [31, 48]. Consistent with these findings, sex

dependent differences in response to other types of diet

(e.g. phytol rich, cholesterol rich, cholestatic, etc.) have

also been observed in mice [31, 42–45, 49]. Taken toge-

ther, these data indicated that the male wild type mice were

more efficient in converting both control diet and isocaloric

pair fed high fat diet into increased body mass, both FTM

and less so LTM.

Second, L-FABP gene ablation elicited sex-dependent

body weight gain in female more than male mice. L-FABP

gene ablation modestly increased weight gain (primarily as

FTM) in control-fed female, but not male, mice. A similar

pattern of increased weight gain was also observed in older

([6 mo) female L-FABP KO mice fed ad libitum standard

rodent chow [43, 45] or pair-fed a different defined control-

diet [42, 43]. Isocaloric pair feeding high fat diet dramat-

ically exacerbated this effect in female, but not male, mice.

The increased weight gain in high-fat fed female L-FABP

KO mice was not due to differences in food consumption.

The molecular basis for the gender dependent effect of

L-FABP gene ablation may be related in part to the inter-

dependent relationship between L-FABP and PPARa. The

promoter of L-FABP contains a PPRE, L-FABP induces

expression of PPARa, and L-FABP transports fatty acids

into the nucleus to ligand activate PPARa and induce

expression of more L-FABP [39, 40, 50, 51]. Roles for

PPARs in sex dependent differences in mouse lipid

metabolism have also been shown with PPARa null and

PPARb null mice [50, 52, 53].

Third, the effect of L-FABP gene ablation on diet

induced obesity and hepatic steatosis appears to be

dependent on both feeding regimen and susceptibility of

the mouse background strain to diet induced obesity. Iso-

caloric pair feeding high fat diet (current study) as well as

ad libitum feeding standard rodent chow (low fat) or iso-

caloric pair-feeding different types of low fat defined

control diets [42–45] indicated that L-FABP gene ablation

did not protect mice from high-fat diet induced weight

gain. In addition, isocaloric pair fed high fat diet mice,

regardless of sex of L-FABP expression, did not exhibit

hepatic steatosis. In contrast to these studies with wild type

C57BL/6NJ mice and L-FABP KO mice backcrossed to the

C57BL/6NJ mice, ad libitum feeding of high fat diet to the

more obesity susceptible C57BL6J strain induced hepatic

steatosis [46, 47]. Surprisingly, ad libitum feeding of high

fat diet to L-FABP KO mice backcrossed to the more

obesity susceptible C57BL6J strain resulted in protection

from high fat diet induced obesity and from hepatic stea-

tosis [46, 47]. The marked differences in response to high

fat diet between the two L-FABP KO mouse models were

not due to differences in back-cross generation number

[54]. Instead, these difference in phenotype may be

attributed in part to several factors: (i) Wild type mice fed

high fat diet ad libitum consume up to 40% more food and

gain as much as 50% more weight [46, 47]. While isoca-

loric pair feeding high fat diet did not upregulate L-FABP

in wild type mice determined by western blotting (data not

shown), ad libitum feeding high fat diet is known to
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activate PPARa—a nuclear receptor that induces

transcription of multiple genes in fatty acid metabolism

including L-FABP (rev. in [50, 55, 56]). Thus, ad libitum

feeding high fat diet may upregulate L-FABP expression in

the wild type mice, but not the L-FABP KO mice. (ii) The

two independently generated L-FABP KO mice were

backcrossed to a different C57BL/6 mouse strains differing

markedly in susceptibility to high fat diet induced obesity.

The C57BL/6J (Jackson Labs) used to backcross indepen-

dently generated L-FABP KO mice are more susceptible to

high fat diet induced obesity (higher weight gain, impaired

glucose tolerance) than mice used for backcrossing in the

current study (C57BL/SNJ from Charles River) (JAX

NOTES, Issue 511, Fall, 2008, http://jaxmice.jax.org/

jaxnotes/511/511n.html) [57–59]. The mechanistic basis

for the difference in obesity susceptible of these strains is

partly due to the C57BL/6J mouse strain exhibiting a null

mutation in the NAD nucleotide transhydrogenase (Nnt)

gene which codes for an enzyme that regulates NADH/

NAD ratio—an important contributor to LCFA synthesis

(JAX NOTES, Issue 511, Fall, 2008, http://jaxmice.jax.

org/jaxnotes/511/511n.html). (iii) Overexpression of the

green fluorescent protein (GFP) in the independently

generated L-FABP KO mouse, but not the wild type con-

trol [29, 46, 47]. GFP was recently shown to function as a

potent electron donor to several cofactors important in lipid

metabolism including cytochrome c, FAD, FMN, and NAD

in vitro [60]. Taken together, these findings demonstrate

the importance of sex, high fat dietary regimen (pair fed,

ad libitum fed), L-FABP KO background strain, and

overexpression of GFP as each being important potential

contributors to the whole body and hepatic phenotype of

L-FABP KO mice fed high fat diet.

Fourth, the finding that L-FABP gene ablation did not

induce hepatic steatosis in mice fed either control diet or

pair fed high fat diet was consistent with the existing lit-

erature of known functions established for L-FABP in

vitro, in cultured transformed cells, in cultured primary

hepatocytes, and mice. L-FABP KO reduces hepatic uptake

of dietary LCFA in vivo [26, 28] and in cultured L-FABP

KO hepatocytes [30]. LCFA uptake directly correlates with

L-FABP expression level in cultured transfected trans-

formed cell lines [16, 19]. Further support comes from the

fact that L-FABP gene ablation reduces LCFA oxidation in

vivo as shown by reduced serum b-hydroxybutyrate in

mice pair fed high fat diet (current study) and in L-FABP

KO mice fed control chow [26, 28, 29], by reduced LCFA

oxidation in cultured primary hepatocytes from L-FABP

KO [30], and by increased LCFA oxidation in cultured

transfected transformed cell lines [16, 19]. Regardless of

the back-cross strain utilized to generate the two distinct

L-FABP KO mice, inhibition of LCFA b-oxidation was

observed in response to L-FABP gene ablation and this

inhibition was not associated with major changes in levels

of most of the key proteins/enzymes involved in peroxi-

somal and mitochondrial oxidation.

In summary, the present findings demonstrated that

ablation of all four exons of the L-FABP gene and

backcrossing to the C57BL/6NJ strain (resistant to high fat

diet induced obesity) decreased fatty acid b-oxidation

and increased weight gain (especially in fat tissue mass)

—effects exacerbated by pair-feeding a defined isocaloric

high-fat diet. This phenotype was consistent with predictions

based on in vitro and cultured cell studies demonstrating

L-FABP increases LCFA uptake (rev. in [1, 26]), LCFA

intracellular transport [1, 17, 30, 61, 62], and both mito-

chondrial and peroxisomal LCFA oxidation [20, 30]. Thus,

L-FABP gene ablation did not protect mice from weight gain

and obesity induced when fed either control diet or isoca-

loric pair fed high fat diet, but instead exacerbated weight

gain and obesity. While L-FABP gene ablation appeared to

protect mice fed high fat diet ad libitum, interpretation of

this phenotype is more complex due to much greater food

consumption and weight gain concomitant with likely

L-FABP upregulation in wild type mice, more obesity sen-

sitive background strain, and presence of GFP in the KO but

not wild type mice. Resolving the relative contributions of

these factors is an important challenge. It is of interest to

note that the pattern of higher weight gain and obesity in

L-FABP mice fed high fat diet was also exhibited by adi-

pocyte fatty acid binding protein (A-FABP) gene-ablated

mice, which show increased body weight gain as compared

with their WT counterparts when fed a high-fat diet [63].

Likewise, intestinal fatty acid binding protein (I-FABP)

gene ablation resulted in mice with a higher weight gain than

their WT counterparts when fed either a low-fat or a high-fat

diet [64]. These findings suggested that in L-FABP KO mice

pair fed a high-fat diet, LCFAs are more available for storage

(weight gain) rather than hepatic uptake and oxidation

(or storage).
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Abstract Hepatic lipidosis is a common pathological

finding in the American mink (Neovison vison) and can be

caused by nutritional imbalance due to obesity or rapid

body weight loss. The objectives of the present study were

to investigate the timeline and characterize the develop-

ment of hepatic lipidosis in mink in response to 0–7 days

of food deprivation and liver recovery after 28 days of re-

feeding. We report here the effects on hematological and

endocrine variables, body fat mobilization, the develop-

ment of hepatic lipidosis and the alterations in the liver

lipid classes and tissue fatty acid (FA) sums. Food depri-

vation resulted in the rapid mobilization of body fat, most

notably visceral, causing elevated hepatosomatic index and

increased liver triacylglycerol content. The increased

absolute amounts of liver total phospholipids and

phosphatidylcholine suggested endoplasmic reticulum

stress. The hepatic lipid infiltration and the altered liver

lipid profiles were associated with a significantly reduced

proportion of n-3 polyunsaturated FA (PUFA) in the livers

and the decrease was more evident in the females. Like-

wise, re-feeding of the female mink resulted in a more

pronounced recovery of the liver n-3 PUFA. The rapid

decrease in the n-3/n-6 PUFA ratio in response to food

deprivation could trigger an inflammatory response in the

liver. This could be a key contributor to the pathophysi-

ology of fatty liver disease in mink influencing disease

progression.

Keywords Adipose tissue � Fatty liver disease �
Hepatic lipidosis � Liver steatosis � NAFLD � n-3 PUFA �
n-6 PUFA
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PL Phospholipids

PtdCho Phosphatidylcholine

PUFA Polyunsaturated fatty acids

RF Re-fed

SFA Saturated fatty acids

T3 Triiodothyronine

T4 Thyroxine

TAG Triacylglycerol

UFA Unsaturated fatty acids

UPR Unfolded protein response

VLDL Very-low-density lipoprotein

Introduction

Fatty liver or hepatic lipidosis is a common pathological

finding in carnivores such as the American mink (Neovison

vison), where fat accumulation in the liver often occurs due

to metabolic or nutritional causes [1]. Fatty liver is also

frequently found in mink dams diagnosed with nursing

sickness [2], which is often fatal and only diagnosed post-

mortem [3]. In mink, the hepatic lipid infiltration may be

caused by several factors, including amino acid or fatty

acid (FA) imbalances, excess dietary carbohydrate intake,

choline and vitamin B deficiency, poor feed quality,

obesity, restricted feeding or food deprivation [1, 4–6]. The

body weight (BW) of the mink fluctuates greatly over the

production cycle due to seasonal changes in the plane of

nutrition [7] as well as hormonal status [8]. However, food

deprivation aggravates these normal metabolic responses

resulting in the rapid mobilization of body fat and lipid

infiltration in the liver [5, 6]. During the production cycle,

the risk of development of fatty liver may be elevated due

to excessive fattening during the fall, rapid slimming prior

to breeding, stress during pregnancy and mid-late lactation

and rapid mobilization of body fat reserves for milk pro-

duction [1, 7].

In humans, hepatic steatosis (lipidosis) is a common

finding in (visceral) obesity and type 2 diabetes and it is

considered to be the hepatic manifestation of the metabolic

syndrome with strong evidence of an unfavorable n-3/n-6

polyunsaturated FA (PUFA) ratio [9, 10]. The FA mani-

festations and liver histology of mink nursing sickness and

the associated fatty liver syndrome show evident similarity

to type 2 diabetes [11] and the non-alcoholic fatty liver

disease (NAFLD) of humans [10]. It has recently been

shown in members of the Mustelidae family (e.g. mink,

European polecat Mustela putorius) that during rapid BW

loss the intra-abdominal body fat depots are more efficiently

hydrolyzed in relation to adipose tissue mass than subcu-

taneous fat [6, 12, 13] with the preferential mobilization of

n-3 PUFA leading to a potentially unfavorable n-3/n-6

PUFA ratio [14, 15]. The depletion of n-3 PUFA has been

proposed to favor FA and triacylglycerol (TAG) synthesis

over hydrolysis and FA oxidation, and may impair lipid

export from the liver by suppressing very-low-density

lipoprotein (VLDL) secretion [9]. The most consistent

endocrine responses associated with food deprivation

in mustelids include decreased concentrations of plasma

leptin, insulin and triiodothyronine (T3) [12, 16], while

hematological changes suggesting immunosuppression

have been reported [6, 17]. The human NAFLD presents

significant similarities in phenotype to the fasting-induced

fatty liver in mustelids [15], despite the different principal

correlates, i.e. obesity versus rapid BW loss. Therefore, the

mink may serve as a useful animal model to study the

biochemical manifestations of human liver steatosis with

potential applications to NAFLD.

Previously, the precise time scale of the biochemical

manifestations in the development of fasting-induced

hepatic lipidosis has not been described in mustelids. It can

be hypothesized that the manifestations of lipidosis would

appear at specific points of time during fasting and that the

induced fatty liver would be reversible after a recovery

period. The objectives of the present study were to inves-

tigate the development and characterize the fatty liver

syndrome in mink in response to 0–7 days of food depri-

vation and liver recovery with the normal feeding regime

resumed for 4 weeks. This study reports the effects on the

mobilization of body fat depots, the development of

hepatic lipidosis and the subsequent alterations in the liver

lipid classes and tissue and plasma FA profiles as well as in

the hematological and endocrine variables.

Experimental Procedures

The time scale of the development of hepatic lipidosis in the

mink was studied by exposing 60 standard black mink

(5 males, 5 females per group, age 9 months) to 0, 1, 3, 5, or

7 days of fasting. In addition, one group was fasted for

7 days followed by a normal feeding regime for 4 weeks

[re-fed (RF)]. The fasting experiment was carried out from

10 January through 16 January and re-feeding from 16

January until 13 February 2007. The animals were weighed

prior to the study and at the end of each experimental

procedure. The RF group was also weighed prior to re-

feeding at the end of the fasting period. The experiment was

carried out at the Canadian Centre for Fur Animal Research,

Nova Scotia Agricultural College, in Truro, Nova Scotia,

Canada (45.37�N, 63.27�W). The mink were housed indi-

vidually in standard-sized cages, provided with a nest box

and adequate bedding. The experimental protocols were

approved by the Animal Care and Use Committee of the

112 Lipids (2010) 45:111–128
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Nova Scotia Agricultural College and carried out in

accordance with the guidelines of the Canadian Council on

Animal Care [18]. During the fasting regimes the mink were

isolated from the rest of the herd and therefore not subjected

to the normal daily feeding routines in order to alleviate

potential stress due to food deprivation. Post-approval

monitoring during the experiment included twice daily

general health checks and a veterinary inspection by two

licensed veterinarians of all mink on the morning of the

designated days of the fasting regimes. No morbidity or

mortality occurred during the course of the experiment.

However, based on veterinary consultation, two female

mink were sampled on day 6 of fasting due to their rapidly

declining BW during the unexpectedly cold weather. Also,

for the remaining females in the RF group the normal

feeding routine was resumed on day 6 of fasting. The post-

fast diet was the same as was fed to all experimental mink

before the start of the experiment and contained 32.31% dry

matter, 3.34% ash, 13.54% protein, 6.73% lipid and 8.70%

carbohydrate of fresh weight, and 5.65 MJ metabolizable

energy kg-1. The FA composition (mol%, mean ± SD,

n = 6) of the lipid fraction was as follows: saturated

FA (SFA) 30.85 ± 0.96; monounsaturated FA (MUFA)

49.75 ± 0.94; n-6 PUFA 14.11 ± 0.70; n-3 PUFA

4.91 ± 0.40. The diet was stored frozen in -20 �C and

thawed in the refrigerator prior to feeding.

The control group (0 day) was fasted for 12 h prior to

euthanasia. To accomplish this, the feeding and feed

removal were staggered for mink in this test group

according to their planned sampling schedule. At the end of

the fasting periods, the animals were anaesthetized with a

combination of xylazine (Rompun 3.4 mg kg BW-1) and

ketamine hydrochloride (Ketalean 8.5 mg kg BW-1) given

as intramuscular injections. The mink were sampled for

blood using cardiac punctures (Vacutainer EDTA tubes)

and euthanized with an intracardiac injection of pentobar-

bital sodium (Euthanyl 105.6 mg kg BW-1). Immediately

following euthanasia, samples were obtained from various

internal organs and tissues. The intermuscular fat sample

was obtained from the region of the gluteal muscle and the

skeletal muscle tissue from the gastrocnemius muscle. The

excised tissues were placed in cryovials and plastic bags

and snap-frozen in liquid nitrogen. The samples were kept

on dry ice until transferred to long-term storage at -80 �C.

The organ and fat depot masses were determined using

quantitative dissection. The body mass indices (BMI)

indicating adiposity of mustelids [6] were calculated with

the formula: BMI = BW (kg) [body length3 (m)]-1 and the

hepatosomatic indices (HSI) as liver weight in percent of

final BW.

The whole blood was analyzed for hematological

parameters (SCIL Vet abc Animal Blood Counter; Vet

Novations Canada Inc., ON, Canada) by the diagnostic

services laboratory of Fundy Veterinarians (Murray Siding,

NS, Canada). The plasma glucose, total cholesterol, creat-

inine, TAG, total protein, urea and total bilirubin concen-

trations and creatine kinase and alanine aminotransferase

(ALT) activities were determined as previously outlined in

Mustonen et al. [6, 19]. The glucagon, ghrelin and total T3

analyses were determined as described in Mustonen et al.

[12] and the rest of the endocrinological assays and cate-

cholamines as in Mustonen et al. [16]. The instrument used

was a Wizard 1480 Gamma Counter by Wallac (Turku,

Finland). The homeostasis model assessment (HOMA)

index, as a measure of insulin resistance applied also pre-

viously to mustelids [12], was calculated based on the

fasting plasma insulin and glucose concentrations [20];

where HOMA = fasting insulin (lU mL-1) 9 fasting

glucose (mmol L-1)/22.5.

The liver lipids were extracted according to Folch et al.

[21]. The liver lipid classes were analyzed with thin layer

chromatography (TLC–FID, Iatroscan new Mark V, Iatron

Laboratories Inc., Tokyo, Japan [22]), and the tissue FA

composition using gas chromatography mass spectrometry

(GC–FID and GC–MS, 6890N network GC-system, Agilent

Technologies Inc., Palo Alto, CA, USA). For a more detailed

description of FA analyses, see Nieminen et al. [14, 23].

Statistical Analysis

The experimental design used was 2 9 6 factorial with two

sexes and six treatment groups. The data were analyzed

using the General Linear Models procedure in SAS� v.9.1

(SAS Institute Inc., Cary, NC, USA) to examine the effects

of the sex and the fasting regimes and their interaction on

the measured variables. A multiple means comparison test

(PDiff) was used to identify where differences existed

when these effects were found significant. Statistical sig-

nificance was set at P \ 0.05. The results are presented as

lsmeans ± standard error of the mean (SEM).

Results

BW Loss, Liver Lipid Content and Body Fat

Mobilization

In comparison to the non-fasted control, both males and

females had significantly lower final BW during 5–7 days

of fasting, whereas the 1- to 3-day groups did not differ

from the control (0 day; Table 1). Also, the final BW of the

RF group were not different during the preceding fast from

the mink fasted for 7 days. During the 4-week re-feeding

period, the mink recovered some of their BW; at the end of

the experiment the RF males weighed 2396.8 ± 130.8 g

and the RF females 1148.8 ± 146.2 g. The females

Lipids (2010) 45:111–128 113
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showed a more pronounced loss in % BW and BMI.

Overall, the HSI was elevated in comparison to the control

in the 5-, 7-day and RF groups, whereas the 0- to 3-day

groups did not differ (Fig. 1). The females exhibited sig-

nificantly higher HSI values than the males (2.84 vs.

2.62%, SEM = 0.05). Food deprivation of 3–7 days

increased the liver lipid percentage and liver lipid mass (g)

in comparison to the control animals in both male and

female mink. The liver lipid percentages for the 0-, 1-, 3-,

5-, 7-day, and RF groups were on average 5.9 ± 1.5,

6.1 ± 1.5, 13.2 ± 1.5, 19.0 ± 1.5, 19.7 ± 1.4, and 5.3 ±

1.6%, respectively. The test groups had the following

absolute amounts of total liver lipids: 0 day, 2.6 ± 0.9 g;

1 day, 2.7 ± 0.9 g; 3 days, 6.2 ± 0.9 g; 5 days, 9.9 ±

0.9 g; 7 days, 10.2 ± 0.9 g; and RF, 2.6 ± 1.0 g; the

males had higher absolute amounts (7.4 ± 0.5 g) than the

females (4.1 ± 0.5 g).

In response to food deprivation, the following internal

organs reduced in absolute mass: pancreas, small intestine,

kidneys, testes and the female reproductive organs,

whereas no change was observed in the masses of the

spleen, stomach, heart, and the thyroid and adrenal glands

(data not shown). The absolute and relative weights of the

total intra-abdominal body fat depots declined significantly

in response to food deprivation, however, they did not

attain the levels of the non-fasted control animals after the

re-feeding period (Table 1). Notably, the relative (% BW)

combined weight of the omental and mesenteric adipose

depots declined in response to the fasting regimes as fol-

lows: 0 day, 7.4 ± 0.5%; 1 day, 7.2 ± 0.5%; 3 days,

6.8 ± 0.5%; 5 days, 5.4 ± 0.5%; and 7 days, 5.0 ± 0.4%;

while these two visceral fat depots did not recover once

normal feeding was resumed (RF, 5.0 ± 0.5%; P \ 0.001).

The females had less subcutaneous fat in absolute and

relative mass, however, the relative mass of the total intra-

abdominal adipose depots was higher in the female mink in

comparison to the males (8.2 ± 0.3% vs. 7.2 ± 0.3%).

Overall, the male mink had an average estimated body fat

content (% BW) of 34.8% and the females 31.3%

(SEM = 0.86; P \ 0.005). The body fat content ranged

between 33.3 and 37.6 ± 1.5% during 0–3 days of fasting,

declined to 31.1–31.2 ± 1.4% during 5–7 days, and was

29.9 ± 1.6% after re-alimentation (P \ 0.006).
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Fig. 1 Changes in the a hepatosomatic index, b liver lipid %,

c liver lipid mass (g), and d plasma alanine aminotransferase (ALT)

activity (U L-1) in mink in response to fasting for 0 (control), 1, 3,

5, and 7 days, and re-feeding (RF) for 28 days after a 7-day fast.

Reported are lsmeans ? SEM, both sexes combined. Asterisk differs

from control (P \ 0.05). Total n = 60. P values: a fasting \0.001,

sex 0.003, F 9 S 0.471; b fasting \0.001, sex 0.384, F 9 S 0.630;

c fasting \0.001, sex \0.001, F 9 S 0.490; and d fasting \0.001,

sex 0.038, F 9 S 0.028
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Liver Lipid Classes

The majority of liver lipids were in the form of TAG, the

relative amount of which increased during 1–7 days of

fasting (Fig. 2). The absolute quantities of TAG within the

livers in the non-fasted control (0 day) and 1 day fasted

mink were on average 1.2–1.5 g, while the total liver TAG

contents were 3.9 g at 3 days and 6.7–6.9 g at 5–7 days,

and declined to 0.8 g upon re-feeding. On the contrary, the

relative amounts of phosphatidylcholine (PtdCho) and total

phospholipids (PL) were lower within 3–7 days of fasting.

However, when taking into account the liver mass and lipid

content, the absolute quantities of total PL were the lowest

during 0–1 days (0.93–1.03 g), and elevated within 3 days

of fasting (3 days, 1.58 g; 5 days, 2.12 g; 7 days, 2.57 g),

while at the end of the 4-week re-feeding period 1.27 g of

total PL was present in the liver (SEM = 0.20, P \ 0.001).

The total quantities of PtdCho were the lowest during

0–3 days (0.85–0.99 g), elevated during 5–7 days of food

deprivation (5 days, 1.76 g; 7 days, 2.09 g), and returned

to pre-fasting levels after re-feeding (0.92 g; SEM = 0.20;

P \ 0.001). Lower relative percentages were also observed

in free FA (FFA), diacylglycerols and cholesterol during

fasting. In response to re-alimentation, significantly higher

percentages of cholesteryl esters, diacylglycerols, choles-

terol, sphingomyelin, and total PL were present in the liver

lipids in comparison to the control animals. Concomitantly,

the RF mink exhibited a significantly lower fraction of

TAG in the total liver lipids.

Hematology, Clinical Chemistry and Endocrinology

Overall, the red blood cell count showed lower levels after

the re-feeding period (Table 2). This differed from all other

treatments except 0 day. The males had on average higher

red blood cell counts than the females (9.2 ± 0.1 vs.

8.7 ± 0.1 1012 L-1). The hemoglobin concentrations were

elevated on day 5 of food deprivation and the males

showed higher hemoglobin levels than the females

(18.7 ± 0.2 vs. 17.8 ± 0.2 g dL-1) throughout the study.

The mean corpuscular hemoglobin concentration increased

in both sexes during fasting returning to day 0–1 levels

after re-alimentation while the red cell distribution width

declined and the mean platelet volume showed minor

changes during the fasting regimes. A significant response

to food deprivation was observed in the white blood cells,

where the lymphocyte percentage declined significantly

over the duration of 7 days of fasting with recovery to pre-

fasting levels during the re-feeding period, and the granu-

locyte percentage showed an overall increase during the
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fasting regimes with return to day 0–3 levels in response to

re-alimentation. The monocyte percentage, on the other

hand, showed a more variable response with peak values on

days 3 and 7 of fasting.

The plasma TAG concentrations showed a significant

increase in response to food deprivation during days 1–7 in

comparison to the non-fasted control animals and the RF

mink (Table 3). The cholesterol levels varied in the dif-

ferent experimental regimes with the highest values

observed in the RF group. Lowest values for both sexes

were observed on days 3 and 7 of fasting. Overall, the

males had higher plasma total protein concentrations than

the females (64.5 ± 0.7 vs. 62.1 ± 0.7 g L-1). In both

sexes, the plasma protein levels declined during 3–7 days

of food deprivation and remained low upon re-feeding.

Concurrently, no change was observed in the plasma urea

levels throughout the experimental regimes. For plasma

ALT, a significant fasting 9 sex regime interaction was

found, where the female mink showed higher values on day

5 of fasting than the males. The plasma ALT levels

increased during 5–7 days of fasting and returned to 0- to

3-day levels in response to re-alimentation (Fig. 1).

A significant decline was observed in the plasma insulin

levels during fasting and the concentration remained low

thereafter (Table 3). This was accompanied by a decrease

in the HOMA index. The plasma leptin concentrations

were significantly lower during days 3–7 of fasting in

comparison to the 0- to 1-day groups; they also remained

low after feeding was resumed. The females had on aver-

age lower circulating plasma leptin levels than the males

(2.220 ± 0.077 vs. 2.555 ± 0.076 ng mL-1). For plasma

ghrelin a significant fasting 9 sex interaction was found

indicating the highest levels in the female mink fasted

overnight (0 day), whereas for the males the highest plasma

ghrelin concentrations were seen on day 7 of fasting and

the lowest on day 3. The plasma T3 levels declined within

7 days of fasting and returned to pre-fasting levels when

feeding was resumed. Generally, the females exhibited

higher concentrations of dopamine (10.29 ± 0.56 lg g-1)

and noradrenaline (145.00 ± 6.71 lg g-1) in their adrenal

glands in comparison to the males (7.44 ± 0.56 lg g-1;

115.54 ± 6.67 lg g-1).

Tissue FA Profiles

A rapid shift was observed in the liver FA profiles in

response to food deprivation and re-feeding (Fig. 3;

Table 4). In the female mink, significantly lower hepatic

n-3/n-6 PUFA ratio was present within 1 day of food

deprivation, whereas the males responded within 3 days.

The RF mink showed complete recovery of the hepatic

total n-3 PUFA and n-3/n-6 PUFA ratio, with the females

having significantly higher values compared to the males.T
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In addition, a significant decline was observed in the liver

SFA levels after 1 day of fasting, while total MUFA and

the unsaturated FA (UFA)/SFA ratio increased during 3–7

days. For these variables, the RF group did not differ from

the 0-day mink.

For the other tissues, the FA data (Table 4) are pre-

sented by fasting regime only as no interaction (fast-

ing 9 sex) was observed. The intermuscular adipose tissue

exhibited lower concentrations of n-3 PUFA and n-3/n-6

PUFA ratios during food deprivation. Overall, the females

had lower n-3 PUFA % (P = 0.013) and n-3/n-6 PUFA

ratios (P = 0.008) than the males in their intermuscular

adipose tissue. In the mesenteric fat during the fasting

regimes, total SFA were shown to decline while total

MUFA increased. Although the UFA/SFA ratio increased

in response to food deprivation, the n-3 PUFA % and n-3/

n-6 PUFA ratios declined. These changes in the FA com-

position were reversed when feeding was resumed for

4 weeks. In the perirenal fat, total SFA declined during

fasting and subsequently the UFA/SFA ratio increased.

Again, a significant decrease was observed in n-3 PUFA as

well as n-3/n-6 PUFA ratios during the course of food

deprivation. The RF animals were not significantly differ-

ent in their perirenal PUFA profiles from the controls.

However, the SFA proportions of perirenal adipose tissue

depots remained low in the RF group while the UFA/SFA

ratio remained high. Overall, the females had lower n-3

PUFA % in this adipose depot than the males (P = 0.036).

In the ventral subcutaneous adipose tissue, a significant

decline was once again observed in n-3 PUFA as well as in

the n-3/n-6 PUFA ratios during the course of food

deprivation.

The typical decline in the n-3/n-6 PUFA ratio in

response to food deprivation was also observed in the FA

profiles of the skeletal muscle (Table 4). Overall, the

females had higher levels of total SFA (P = 0.019), total

n-3 PUFA (P = 0.009) and higher n-3/n-6 PUFA ratios

(P = 0.002), but lower total MUFA (P = 0.039) and

UFA/SFA ratios (P = 0.016) than the males. Finally,

regarding the plasma FA profiles, total MUFA increased

while total n-6 and n-3 PUFA declined in response

to food deprivation. A significant sex difference was

observed (P = 0.034) where the female mink had higher

plasma n-3/n-6 PUFA ratios in comparison to the males.

Discussion

BW Loss, Fat Mobilization, HSI and Liver Fat Content

It is evident from the current study that fasting of mink for

as few as 3 days results in considerable BW loss and a

significantly increased liver lipid content primarily present

as TAG. These findings are in agreement with previous

studies on the effects of food deprivation in mink [5, 6],

polecats [15] and sables (Martes zibellina) [17]. Further-

more, a 28-day period of re-feeding after a 7-day fast

resulted in moderate recuperation of BW and return to

normal liver fat percentage, indicating liver recovery. The

rapid BW loss during fasting [6, 12] is most likely an

outcome of (1) the energetically demanding body shape

with a high surface-area-to-volume ratio [24] and (2) the

inability of small mustelids to utilize, e.g., torpor or related

hypometabolic adaptations [12, 25]. This necessitates rapid

mobilization of the adipose tissue depots during food

deprivation.

On average, the females lost more % BW than the

males. This is likely caused by the significant sexual

dimorphism exhibited by the species [26] where, due to its

smaller body size, the female mink would be energetically

more challenged during times of food deprivation, espe-

cially in cold weather. In addition to their smaller BW, the

anatomic difference that the female mink seem to deposit

relatively more adipose tissue in the intra-abdominal

depots may be worth considering. Having more intra-

abdominal adipose tissue may, under conditions of pre-

ceding obesity, e.g., as a result of autumnal fattening,

predispose the female mink to a more rapid onset of hepatic

lipidosis. In this regard, the visceral (omental, mesenteric)

adipose tissue poses a far greater health risk than subcu-

taneous fat in humans [27], as the FFA hydrolyzed from

these depots are released directly into the hepatic portal

circulation [28]. Based on the estimated body fat content

([33% BW), the mink in this study could be considered

obese at the start of the food deprivation period. It is also

Fasting
0d 1d 3d 5d 7d RF

n-
3/

n-
6 

PU
FA

0.0

0.1

0.2

0.3

0.4
Males

Females

*

* *
* *

* *

*

Fig. 3 Changes in the hepatic n-3/n-6 polyunsaturated fatty acid

(PUFA) ratio (lsmeans ? SEM) in male and female mink in response

to fasting for 0 (control), 1, 3, 5, and 7 days, and re-feeding (RF) for

28 days after a 7-day fast. Asterisk females differ from control,

double asterisk both sexes differ from control (P \ 0.05). Total

n = 60. P values: fasting \0.001, sex 0.231, F 9 S \0.001
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Table 4 Changes in the tissue fatty acid composition in mink in response to fasting for 0 (control), 1, 3, 5, and 7 days, and re-feeding (RF) for

28 days after a 7-day fast

Tissue variable Fasting regime P value

0 day 1 day 3 days 5 days 7 days RF

Liver

SFASUM (mol%) 40.03a ± 0.58 37.97b ± 0.58 32.75c ± 0.58 31.37cd ± 0.58 30.10d ± 0.55 39.05ab ± 0.61 \0.001

MUFASUM (mol%) 33.79c ± 1.10 37.09c ± 1.10 47.24b ± 1.10 50.75a ± 1.10 52.27a ± 1.15 34.82c ± 1.17 \0.001

n-6SUM (mol%) 20.33a ± 0.43 19.95a ± 0.43 17.12b ± 0.43 15.62c ± 0.43 15.59c ± 0.41 20.03a ± 0.46 \0.001

n-3SUM (mol%) \0.001

All mink 5.64a ± 0.30 4.73b ± 0.30 2.62c ± 0.30 2.00d ± 0.30 1.80d ± 0.28 5.87a ± 0.31

Males 5.51a ± 0.42 4.88a ± 0.42 2.87b ± 0.42 2.42bc ± 0.42 1.97c ± 0.42 4.52a ± 0.42 0.002e

Females 5.78ab ± 0.42 4.58b ± 0.42 2.37c ± 0.42 1.59d ± 0.42 1.63d ± 0.38 7.22a ± 0.47

UFA/SFA ratio 1.50c ± 0.05 1.64c ± 0.05 2.07b ± 0.05 2.19ab ± 0.05 2.34a ± 0.05 1.56c ± 0.05 \0.001

n-3/n-6 ratio 0.28a ± 0.01 0.24b ± 0.01 0.15c ± 0.01 0.13cd ± 0.01 0.11d ± 0.01 0.29a ± 0.01 \0.001

Intermuscular fat

SFASUM (mol%) 24.97 ± 0.63 24.75 ± 0.63 25.25 ± 0.63 24.52 ± 0.63 23.37 ± 0.60 23.74 ± 0.67 0.357

MUFASUM (mol%) 61.32 ± 0.65 61.79 ± 0.65 61.73 ± 0.65 62.63 ± 0.65 63.30 ± 0.62 62.00 ± 0.69 0.289

n-6SUM (mol%) 12.02 ± 0.18 11.85 ± 0.18 11.63 ± 0.18 11.61 ± 0.18 12.00 ± 0.17 11.52 ± 0.19 0.247

n-3SUM (mol%) 1.43a ± 0.07 1.37a ± 0.07 1.16b ± 0.07 1.02b ± 0.07 1.11b ± 0.09 1.46a ± 0.07 \0.001

UFA/SFA ratio 3.02 ± 0.11 3.07 ± 0.11 2.98 ± 0.11 3.11 ± 0.11 3.30 ± 0.11 3.07 ± 0.12 0.396

n-3/n-6 ratio 0.12a ± 0.005 0.12a ± 0.005 0.10b ± 0.005 0.09b ± 0.005 0.09b ± 0.004 0.13a ± 0.005 \0.001

Mesenteric fat

SFASUM (mol%) 28.75a ± 0.49 27.99ab ± 0.46 28.02ab ± 0.46 27.08bc ± 0.49 26.14c ± 0.44 27.62ab ± 0.49 0.005

MUFASUM (mol%) 58.24c ± 0.56 58.85c ± 0.53 59.55bc ± 0.53 60.57ab ± 0.56 61.49a ± 0.51 59.67bc ± 0.56 0.001

n-6SUM (mol%) 11.65 ± 0.14 11.81 ± 0.13 11.39 ± 0.13 11.42 ± 0.14 11.44 ± 0.12 11.32 ± 0.14 0.100

n-3SUM (mol%) 1.14a ± 0.06 1.12a ± 0.05 0.83b ± 0.05 0.74b ± 0.06 0.75b ± 0.05 1.14a ± 0.06 \0.001

UFA/SFA ratio 2.49c ± 0.07 2.58bc ± 0.06 2.58bc ± 0.06 2.70ab ± 0.07 2.84a ± 0.06 2.62bc ± 0.07 0.005

n-3/n-6 ratio 0.10a ± 0.004 0.10a ± 0.004 0.07b ± 0.004 0.06b ± 0.004 0.07b ± 0.004 0.10a ± 0.004 \0.001

Perirenal fat

SFASUM (mol%) 28.63a ± 0.56 27.75ab ± 0.56 26.87b ± 0.56 26.30bc ± 0.56 25.33c ± 0.51 26.70bc ± 0.56 0.002

MUFASUM (mol%) 58.67 ± 0.80 58.97 ± 0.80 60.44 ± 0.80 61.05 ± 0.80 61.35 ± 0.72 60.30 ± 0.80 0.102

n-6SUM (mol%) 11.30 ± 0.43 11.96 ± 0.43 11.59 ± 0.43 11.74 ± 0.43 12.33 ± 0.39 11.62 ± 0.43 0.587

n-3SUM (mol%) 1.19a ± 0.06 1.10a ± 0.06 0.90b ± 0.06 0.74b ± 0.06 0.81b ± 0.05 1.14a ± 0.06 \0.001

UFA/SFA ratio 2.51d ± 0.08 2.61bcd ± 0.08 2.74bcd ± 0.08 2.81abc ± 0.08 3.00a ± 0.07 2.75bc ± 0.08 0.002

n-3/n-6 ratio 0.11a ± 0.006 0.09ab ± 0.006 0.08bc ± 0.006 0.06c ± 0.006 0.07c ± 0.006 0.10ab ± 0.006 \0.001

Ventral fat

SFASUM (mol%) 25.93 ± 0.65 25.31 ± 0.65 25.62 ± 0.65 24.64 ± 0.65 23.77 ± 0.65 24.97 ± 0.69 0.238

MUFASUM (mol%) 61.28 ± 0.69 61.71 ± 0.69 61.71 ± 0.69 63.11 ± 0.69 63.37 ± 0.69 62.50 ± 0.73 0.203

n-6SUM (mol%) 11.26 ± 0.18 11.33 ± 0.18 11.32 ± 0.18 10.96 ± 0.18 11.51 ± 0.18 11.04 ± 0.19 0.318

n-3SUM (mol%) 1.25ab ± 0.07 1.35a ± 0.07 1.08bc ± 0.07 1.01c ± 0.07 1.08bc ± 0.07 1.22ab ± 0.08 0.014

UFA/SFA ratio 2.88 ± 0.10 2.97 ± 0.10 2.94 ± 0.10 3.07 ± 0.10 3.23 ± 0.10 3.03 ± 0.11 0.253

n-3/n-6 ratio 0.11abc ± 0.006 0.12a ± 0.006 0.09bcd ± 0.006 0.09d ± 0.006 0.09cd ± 0.006 0.11abc ± 0.006 0.005

Skeletal muscle

SFASUM (mol%) 28.55 ± 0.94 28.99 ± 0.94 28.16 ± 0.94 28.21 ± 0.94 27.66 ± 0.90 28.79 ± 1.00 0.929

MUFASUM (mol%) 38.31 ± 2.89 37.51 ± 2.89 39.76 ± 2.89 39.55 ± 2.89 37.76 ± 2.77 34.96 ± 3.07 0.888

n-6SUM (mol%) 23.99 ± 1.35 24.11 ± 1.35 23.97 ± 1.35 24.34 ± 1.35 26.25 ± 1.30 25.43 ± 1.43 0.773

n-3SUM (mol%) 8.95 ± 0.73 9.19 ± 0.73 7.91 ± 0.73 7.70 ± 0.73 8.13 ± 0.70 10.62 ± 0.77 0.081

UFA/SFA ratio 2.52 ± 0.14 2.47 ± 0.14 2.58 ± 0.14 2.60 ± 0.14 2.66 ± 0.13 2.55 ± 0.15 0.948

n-3/n-6 ratio 0.37a ± 0.02 0.37a ± 0.02 0.32b ± 0.02 0.31b ± 0.02 0.31b ± 0.02 0.41a ± 0.03 \0.001
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evident from the current data that the mink were largely

unable to recover their body fat depots during winter once

they had been mobilized due to food deprivation.

Hematology, Endocrinology and Clinical Chemistry

Similar to earlier findings in mink [6], sables [17] and

American marten (Martes americana) [13] the blood

lymphocyte percentage declined in response to 7 days of

food deprivation, while in the RF group, the lymphocyte

percentage did not differ from the pre-fasted levels. This

suggests that prolonged food deprivation could lead to

immunosuppression in mink and that this would be

reversed once normal feed intake is resumed.

The plasma leptin concentrations were significantly

lowered in the mink in response to 3–7 days of food

deprivation not dissimilar to earlier observations [16] and

remained low thereafter. Our results are also in a close

agreement with findings by Mustonen et al. [12] on the

European polecat where a drastic decline was observed in

plasma leptin concentrations in response to 5-day food

deprivation. It is noteworthy that in the American marten

and the sable, food deprivation of 2 and 4 days, respec-

tively, did not influence the plasma leptin levels [13, 17]. In

these species, the plasma ghrelin concentrations increased

in response to short-term food deprivation, whereas no

clear response was observed in the current study, where the

female mink showed the highest levels when fasted over-

night and the males after 7 days. Likewise, the plasma

ghrelin levels of the European polecat and male American

mink remained unaffected by food deprivation [12, 16].

The different responses observed in these two key endo-

crine regulators of body energy homeostasis may reflect the

different degrees of adiposity among the members of the

weasel family. The mink [6] and the European polecat [12]

represent species with a propensity to unnatural obesity

under captive conditions, whereas the American marten

[23] and the sable [17] do not have a tendency to accu-

mulate excessive adipose tissue depots.

During food deprivation, the observed lower T3 con-

centration could contribute to the down-regulation of

metabolism resulting in reduced energy expenditure when

food supply is limited [29]. Since insulin is required for the

conversion of thyroxine (T4) to T3, the down-regulation of

metabolism is a direct outcome of suppression of insulin

release in response to food deprivation and the accompa-

nying low blood glucose levels [30]. The characteristic

decline in the insulin levels was observed in the mink in the

current study similar to our recent findings in the polecats

and male American mink, where the plasma insulin levels

decreased markedly in response to fasting and coincided

with the lower T3 concentrations and T3/T4 ratios [12, 16].

The elevated circulating TAG concentrations may

reflect the rapid mobilization of body fat reserves during

food deprivation. The increased influx of FFA from the

visceral fat depots into the liver may promote hepatic

insulin resistance which leads to an accelerated synthesis of

VLDL causing elevated plasma TAG levels [27]. This

increases the hepatic TAG influx posing an overwhelming

challenge to the liver’s ability to metabolize these lipids

[9, 10] resulting in a perpetuating cycle. The liver lipid

metabolism is further challenged in strictly carnivorous

mammals [31–33], which rely on gluconeogenesis for

blood sugar provision and are unable to conserve nitrogen

by down-regulating the urea cycle during fasting [34]. In

mustelids, food deprivation is accompanied by decreased

plasma arginine levels [12, 35], causing the accumulation

of orotic acid [33]. Orotic acid is an intermediary metab-

olite in the pyrimidine ribonucleotide synthesis, the first

step of which is the formation of carbamoyl phosphate, and

Table 4 continued

Tissue variable Fasting regime P value

0 day 1 day 3 days 5 days 7 days RF

Plasma

SFASUM (mol%) 38.79 ± 0.85 39.30 ± 0.85 37.32 ± 0.85 38.04 ± 0.85 36.23 ± 0.85 38.09 ± 0.90 0.164

MUFASUM (mol%) 19.51c ± 0.73 19.84c ± 0.73 23.49b ± 0.73 24.93ab ± 0.73 25.76a ± 0.70 20.78c ± 0.78 \0.001

n-6SUM (mol%) 32.53a ± 0.66 31.26abc ± 0.66 31.58bc ± 0.66 29.38cd ± 0.66 30.46cd ± 0.63 32.43ab ± 0.70 0.012

n-3SUM (mol%) 9.01ab ± 0.32 9.46a ± 0.32 8.45bc ± 0.32 7.47d ± 0.32 7.88cd ± 0.31 8.74abc ± 0.34 \0.001

UFA/SFA ratio 1.59 ± 0.06 1.56 ± 0.06 1.69 ± 0.06 1.64 ± 0.06 1.76 ± 0.06 1.63 ± 0.06 0.158

n-3/n-6 ratio 0.28 ± 0.01 0.30 ± 0.01 0.28 ± 0.01 0.26 ± 0.01 0.26 ± 0.01 0.27 ± 0.01 0.080

Presented are lsmeans ± SEM

SFASUM sum of saturated fatty acids, MUFASUM sum of monounsaturated fatty acids, n-6SUM sum of n-6 fatty acids, n-3SUM sum of n-3 fatty

acids, UFA unsaturated fatty acids
a–d Fasting regimes differ within row (P \ 0.05)
e P values for F 9 S
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it is directly hepatotoxic interfering with the liver’s ability

to assemble and secrete VLDL [36]. Carbamoyl phosphate,

formed from ammonia and bicarbonate, is also required for

the urea cycle where it participates in the important step of

citrulline synthesis from ornithine maintaining the cycle

[37].

In carnivores, a dietary source of arginine is required for

the proper functioning of the urea cycle, where arginine is

converted to urea yielding ornithine [38]. Shortage of

arginine may further compromise the liver lipid metabolism

in carnivores as the urea cycle function declines. Arginine is

also required for the synthesis of apolipoprotein E, which

has a facilitating role in hepatic lipid mobilization

increasing the number of VLDL particles secreted by the

liver [39]. The rapid depletion of arginine [35] may be an

outcome of competing requirements coinciding at the time

of extensive body fat mobilization; namely meeting the

demands for accelerated VLDL synthesis and eliminating

increasing amounts of waste nitrogen resulting from aug-

mented gluconeogenesis. Arginine deficiency, therefore,

appears to be a significant constraint for the liver lipoprotein

metabolism during food deprivation, when there is no die-

tary supply of arginine, its synthesis is inadequate [32] and

its amount in muscles diminishes as a result of stimulated

proteolysis [35]. It is evident that complex biochemical

interactions exist among the different physiological systems

during food deprivation exerting pathophysiological link-

ages between the liver lipid metabolism, gluconeogenetic

pathways and the urea cycle function. This may help

explain the rapidity by which hepatic lipidosis develops in

carnivores.

The severity of the fatty liver disease is further exac-

erbated due to the effects it may have on the central ner-

vous system. It is not known if urinary orotic acid or blood

ammonia levels are increased in mink females diagnosed

with nursing sickness (DB Hunter, personal communica-

tion). However, hepatic lipidosis and coma are among the

most prevalent findings in the advanced stage of the disease

[2, 40, 41]. In humans [42] and carnivore companion ani-

mals [34], hepatic encephalopathy and hyperammonemic

coma are commonly associated with fulminant liver fail-

ure. The human hepatic encephalopathy is also character-

ized by low-grade cerebral edema, swelling of astrocytes,

hyponatremia and the depletion of organic osmolytes in the

brain cells [43]. It is probable that the mortality that often

accompanies nursing sickness and the associated hepatic

lipidosis in the mink may be an outcome of the decline in

the urea cycle function, and ultimately caused by the

accumulation of toxic levels of ammonia leading to sup-

pression of the functions of the central nervous system. The

hyponatremia in mink dams [41] may also be a significant

contributor to mortality as it further exacerbates the path-

ogenesis of hepatic encephalopathy as seen in humans [43].

In mink farming, electrolyte therapy has been successfully

used to treat mink dams in the early stages of nursing

sickness [3, 44]. This, in addition to maintaining kidney

function [11], may help prevent the development of cere-

bral edema in subjects with impaired liver function effec-

tively reducing mortality.

Liver Lipids and Tissue FA Profiles

It is evident based on our findings that the significant

increase in the HSI would be caused by TAG accumulation

as a result of fat mobilization and increased FFA influx into

the liver. On the other hand, the relative decrease of lipid

components mostly present in cellular membranes may be

indicative of liver cell damage supported by the elevated

ALT activities, while their relative increase in the RF

group may be evidence for hepatocyte regeneration.

However, the significantly elevated absolute quantities of

total PL during 3–7 days, and of PtdCho during 5–7 days,

suggest that as the liver enlarges in size there would be also

accelerated synthesis of membrane PL in the endoplasmic

reticulum (ER) most likely triggered by ER stress and the

unfolded protein response (UPR) [45]. Chronic ER stress

has been shown to underlie the physiological responses in

obesity, including inflammation and insulin resistance [46].

In liver disease, oxidative stress and ER dysfunction have

been proposed as causative factors in the formation of

Mallory-Denk bodies [47]; a morphologic hallmark in the

transition from simple steatosis (lipidosis) to the more

severe steatohepatitis. Possibly, the observed alterations in

the liver lipid composition of the 3–7 days fasted mink

could be associated with ER stress and the UPR contrib-

uting to the development of liver pathology.

The FA data of the various adipose tissue depots clearly

show a rapid loss of the n-3 PUFA and a significant decline

in the n-3/n-6 PUFA ratio in response to food deprivation.

The over-representation of the n-6 PUFA in the body,

caused by the selective mobilization of n-3 PUFA during

fasting [14, 15], is known to result in increased percentages

of these FA in the cell membranes of blood cells and

hepatocytes [48]. This in turn results in augmented syn-

thesis of the arachidonic acid (20:4n-6)-derived eicosanoids

shifting the physiological state of the body to pro-inflam-

matory and pro-thrombotic and increasing blood clotting,

vasospasms and vasoconstriction. The findings of the

present experiment are similar to previous studies on car-

nivores [14, 15, 19, 23] where the FA profiles indicated

lower n-3 PUFA proportions in the livers of fasted animals.

The complete recovery of the hepatic n-3/n-6 PUFA ratio in

response to re-feeding as seen for the first time in the current

experiment is clear evidence of the liver’s ability to

regenerate and recover from injury caused by lipid accu-

mulation when normal feeding is resumed. The rapid
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decrease in the n-3/n-6 PUFA ratio in response to food

deprivation could be significant in triggering an inflamma-

tory response in the liver tissue [48]. This could be a key

contributor to the pathophysiology of fatty liver disease in

mink and may influence the disease progression.

It is noteworthy that the plasma n-3/n-6 PUFA ratio

appeared relatively constant throughout the experiment and

did not respond to the fasting and re-feeding regimes. The

higher circulating levels of the n-3 in relation to the n-6

PUFA indicate augmented mobilization of n-3 PUFA in the

female mink, suggesting an elevated physiological demand

compared to the males. The resulting more pronounced

depletion of the n-3 FA from the adipose tissue depots and

the liver may predispose the female mink to the develop-

ment of metabolic disorders arising from such FA imbal-

ance, such as poor glycemic regulation [49, 50], nursing

sickness [11] and fatty liver disease [9].

Mustelids would be suitable models to study NAFLD,

as several similarities have been observed in the manifes-

tations of hepatic lipidosis between these species and

NAFLD patients. The most obvious are the increased liver

TAG content, histological findings of steatosis and poten-

tially increased plasma transaminases [9, 10, 15, 48]. Both

NAFLD patients and fasted mustelids display decreased

tissue n-3 PUFA proportions and n-3/n-6 ratios [9, 15, 48].

Additional similarities could be liver inflammation [10,

48], oxidative stress [9, 10] and ER stress [47], but these

remain to be confirmed in further studies. Finally, muste-

lids could also be very useful models to study liver

recovery avoiding the logistical challenges associated with

human subjects, e.g., liver biopsies and long follow-up

periods [10]. In the mink, the recovery was relatively rapid,

as most of the manifestations of lipidosis had disappeared

after 28 days of re-feeding.

The key findings of our study are that (1) the develop-

ment of hepatic lipidosis in mink is rapid and occurs within

only a few days of fasting, (2) the principal manifestations

in mink are similar to the human NAFLD making the mink

a potentially useful animal model for studies on liver ste-

atosis, and that (3) the hepatic lipidosis and the associated

biochemical manifestations are reversible when normal

feeding is resumed for 4 weeks. In summary, food depri-

vation of mink resulted in the rapid mobilization of body

fat, most notably visceral, causing elevated HSI, liver TAG

content and plasma ALT activities. The hepatic lipid

infiltration and the altered liver lipid profiles were associ-

ated with a significantly reduced n-3 PUFA proportion in

the livers and this decrease was more evident in the

females. Likewise, re-feeding of the female mink resulted

in a more pronounced recovery of the liver n-3 PUFA. The

rapid decrease in the n-3/n-6 PUFA ratio in response to

food deprivation could trigger an inflammatory response in

the liver tissue. This could be a key contributor to the

pathophysiology of fatty liver disease in mink and may

influence the disease progression.
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Torres F, Rami L, Monté-Rubio GC, Martı́n-Llahı́ M, Arroyo V,

Ginès P (2009) Hyponatremia is a risk factor of hepatic

encephalopathy in patients with cirrhosis: a prospective study

with time-dependent analysis. Am J Gastroenterol 104:1382–

1389

44. Clausen TN, Hansen O (1989) Electrolytes in mink with nursing

sickness. Acta Physiol Scand 136A:P9

45. Sriburi R, Jackowski S, Mori K, Brewer JW (2004) XBP1: a link

between the unfolded protein response, lipid biosynthesis, and

biogenesis of the endoplasmic reticulum. J Cell Biol 167:35–41
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Abstract Plasma phospholipid transfer protein (PLTP)

mediates both net transfer and exchange of phospholipids

between different lipoproteins. Animal studies have

shown that it is closely related to the development of

atherosclerosis. Although many studies have indicated

that PLTP activity is increased in diabetes mellitus, the

role of PLTP in diabetes is still unclear. To evaluate the

influence of a high-fat meal on PLTP activity, 50 non-

diabetic patients with coronary heart disease (CHD), 50

insulin-treated Type 2 diabetics, and 50 healthy controls

were included. We determined PLTP activity before

and 4 and 8 h after a high-fat meal. As expected,

serum PLTP activity was significantly higher in

CHD patients than in healthy controls (71.0 ± 46.2 vs.

54.0 ± 33.8 pmol/ll/h, P = 0.032) at baseline. More

importantly, we found that serum PLTP activity

increased to its maximum 4 h after fat loading and then

decreased to nearly basal levels after 8 h both in controls

and CHD patients. In contrast, PLTP activity continu-

ously increased during this time period in the diabetic

patients. With regards to the data from this study we

hypothesize that serum PLTP is involved in the clear-

ance of postprandial lipoproteins and this process is

attenuated in diabetes. Since postprandial lipoproteins

are atherogenic, the delay in clearance of these particles

could play an important role in the development of

atherosclerosis in patients with diabetes mellitus.

Keywords Phospholipid transfer protein �
Diabetes mellitus
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Introduction

The plasma phospholipid transfer protein (PLTP) is pri-

marily involved in high density lipoprotein (HDL) metab-

olism. PLTP mediates both net transfer and exchange of

phospholipids between lipoproteins [1].

PLTP’s proatherogenic potency has been clearly dem-

onstrated in atherogenic mouse models: PLTP deficiency

resulted in markedly decreased atherosclerosis due in part to

decreased production and lower levels of apoB-containing

lipoproteins (BLp) [2] and increased bioavailability of

vitamin E in atherogenic lipoproteins [3]. PLTP overex-

pression resulted in markedly increased atherosclerosis due

in part to decreased HDL levels [4] and increased VLDL

secretion [5].

The role of PLTP in atherosclerosis in humans is still the

subject of controversy, however. We have previously

shown that high plasma PLTP activity is a risk factor for

coronary heart disease (CHD) [6]. In contrast, other authors

showed that low PLTP activity was a risk factor for

peripheral atherosclerosis [7]. Furthermore, we found that

serum PLTP activity was higher in hemodialysis patients

than in matched controls and represents a further aspect of

uremic dyslipidemia in end-stage kidney disease. However,

PLTP activity was not related to survival in this patient

group [8]. On the other hand, we found in a recent publi-

cation that PLTP is a not only a risk marker but a risk

factor for CAD-patients under statin treatment [9]. Thus,

the significance of PLTP in atherogenesis is still an open

issue.

Patients suffering from diabetes mellitus are at high risk

for atherosclerotic diseases. Interestingly, several reports

have shown that plasma PLTP activity is elevated in Type

2 [10–12] and Type 1 [13] diabetes mellitus. Furthermore,

plasma PLTP decreased in response to exogenous insulin

and these effects of insulin were impaired in obese type II

diabetic patients. This forms the basis for the hypothesis

that plasma PLTP is regulated by insulin [14].

To further investigate possible linkages among PLTP

activity, diabetes, and atherosclerosis, we measured serum

PLTP activity in insulin-treated patients with diabetes

mellitus, patients suffering from coronary heart disease,

and healthy controls at baseline and 4 and 8 h after eating a

high-fat meal.

Experimental Procedure

Study Population

This prospective study was designed to evaluate

postprandial lipoprotein metabolism with a focus on the

postprandial kinetics of PLTP activity. We included 50

patients with insulin-treated Type 2 diabetes mellitus

(approximately 2/3 of patients suffered from CHD and

patients with Type 1 diabetes were excluded), 50 patients

with angiographically proven CHD without diabetes mel-

litus, and 50 subjects with no clinical or anamnestic evi-

dence of atherosclerosis or diabetes mellitus recruited in a

general practitioner’s office in Timmendorfer Strand. A

diabetes mellitus or impaired glucose tolerance in patients

with CHD and controls was excluded by standard methods

of the Curschmann Clinic Timmendorfer Strand (mea-

surement of fasting glucose, OGTT).

All study subjects were of German nationality and the

patients were recruited in the Curschmann Clinic for

Rehabilitation, Timmendorfer Strand, Germany. The study

was approved by the ethics committee of the University of

Lübeck, Germany. Participation was voluntary and each

participant gave written informed consent.

Laboratory Methods

Blood samples were taken from all subjects under stan-

dardized conditions after an overnight period of fasting.

After this first blood sample was taken, subjects ate in a

period of approximately 15 min, a meal high in fat, con-

sisting of a total of 1,265 kcal/m2 body surface area (105 g

of fat, consisting of 52 g saturated fat and 300 mg cho-

lesterol, with 48 g carbohydrates and 32 g protein). Sub-

jects were instructed not to eat any other food until after the

last blood sample was taken. Further blood samples were

taken after 4 and 8 h. All blood samples were immediately

centrifuged at 4,000 rpm for 10 min and divided into ali-

quots. All aliquots were stored at -80 �C until analysis.

Before eating the meal, patients with diabetes mellitus

received a dosage of subcutaneous insulin individually

adapted to the meal described above. Glucose levels were

measured every 2 h until the end of study period to diag-

nose severe hypo- or hyperglycemia. Indeed, additional

insulin administration was required to treat blood glucose

levels above 250 mg/dl in three patients (each 4 IU of

rapid-acting insulin after 4 h). In another three patients

additional carbohydrates were administered to increase

blood glucose levels that were lower than 80 mg/dl (all

asymptomatic).

PLTP activity was measured by using an assay kit

(Cardiovascular Target, NY, USA). Basically, the kit

includes donor and acceptor particles. Upon incubating

donor and acceptor with 3 ll of human plasma PLTP

mediates the transfer of fluorescent phospholipid, which is

present in a self-quenched state when associated with the

donor. The transfer is determined by the increase in fluo-

rescence intensity as the fluorescent lipid is removed from

the donor and transferred to the acceptor. The interassay

coefficient of variation in PLTP activity was 3.3 ± 0.5%.
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The linear range of PLTP activity in this assay was

between 1 and 7 ll of plasma. Three freeze–thaw cycles of

plasma did not influence the assay. The PLTP activity was

analyzed concurrently in cases and controls, and the lab-

oratory personnel was unaware of the individual group

allocation.

C-reactive protein and serum lipoprotein levels were

measured by standard methods used at the Institute of

Clinical Chemistry and Laboratory Medicine, Johannes

Gutenberg University, Mainz, Germany (Roche Diagnos-

tics GmbH, Germany and Rolf Greiner GmbH, Germany).

Statistical Analysis

Continuous variables are presented as mean ± standard

deviation, categorical variables in %. The distributions for

serum concentrations of triglycerides, HDL-C and CRP

were skewed and all analyses were calculated with log-

transformed values; however, exponential values were

presented. For all analyses log-transformed values of tri-

glycerides, HDL-C and CRP for each group individually

were used. Mean levels of variables were compared by

ANOVA with post hoc analyses. Pearson’s correlation

coefficient was used to perform correlation analysis. All

analyses were carried out using SPSS 11.5 (SAS Institute

Inc., Cary, NC).

Results

Baseline Data

BMI and sex did not differ between insulin-treated diabetic

patients and CHD patients and controls; however, the dia-

betics were older. As expected, active smokers were found

more frequently among the controls than in the two patient

groups, and medical treatment with statins, ACE inhibitors,

b-blockers, diuretics, angiotensin-receptor—blockers, and

classic risk factors were more often found in the two

patient groups (Table 1). In 33 diabetics (66%) a history of

coronary heart disease was known.

Pre- and Post-Prandial PLTP Activity, Total

Cholesterol, HDL Cholesterol, Triglycerides, and CRP

As shown in Fig. 1a, at basal level, serum PLTP activity

was significantly higher in CHD patients than in controls

(71.0 ± 46.22 vs. 54.0 ± 33.8 pmol/ll/h, P = 0.032).

This result confirmed our previous observations [6]. Fur-

thermore, such a difference is also found when comparing

CHD patients and insulin-treated diabetic patients

(71.0 ± 46.2 vs. 46.6 ± 35.2 pmol/ll/h, P = 0.007).

To investigate the influence of potential confounders on

group comparison of PLTP activity we adjusted the anal-

ysis regarding group comparisons of PLTP activity at

baseline and found also in a regression analysis including

the variables age, sex and BMI that PLTP at baseline was

significantly different in the comparison of subgroups

independent on these potential confounders (P \ 0.001) as

presented above.

Four hours after the high-fat meal, serum PLTP activity

had more than doubled in both controls (134.0 ± 66.0 vs.

54.0 ± 33.8 pmol/ll/h, P \ 0.001) and CHD patients

(149.3 ± 81.3 vs. 71.0 ? 46.22 pmol/ll/h; P \ 0.001). In

contrast, PLTP activity had only increased by 23% in dia-

betic patients and this effect was not statistically significant

(62.1 ± 39.8 vs. 46.6 ± 35.2 pmol/ll/h, P = 0.051). Eight

hours after the high-fat meal, serum PLTP activity was

significantly decreased both in controls and CHD patients

(P \ 0.001 in both groups compared to 4 h after the meal),

whereas in diabetics serum PLTP activity tended to increase

as compared to measurements 4 h after the meal

(72.3 ± 42.5 vs. 62.1 ± 39.8 pmol/ll/h, P = 0.198. In

other words, postprandial serum PLTP activity was blunted

in insulin-treated diabetes patients (see Fig. 1a).

We showed in an additional analysis that the prolonged

increase of PLTP activity in insulin-treated diabetic

patients during the study period could have been shown

both in insulin-treated diabetic patients with or without

known CHD (see Table 2). Interestingly, serum PLTP

activity was not significantly increased in insulin-treated

diabetic patients with known CHD in comparison to insu-

lin-treated diabetic patients without known CHD, which is

Table 1 Baseline variables in healthy controls, patients with coro-

nary heart disease, and patients with insulin-treated diabetes are

shown. Continuous variables are presented as mean ± standard

deviation (statistical comparison by ANOVA), categorical variables

in % (statistical comparison by chi-square test)

Controls CHD patients Diabetics

Age (years) 52.7 ± 11 55.5 ± 9 64.0 ± 8.7

Sex (male), % 82 84 78

BMI (kg/m2) 26.6 ± 4.6 26.8 ± 3.6 28.2 ± 5.0

Hypertension (%) 20 98 90

FH of CHD (%) 6 42 18

Active smokers (%) 34 2 10

CHD (%) 0 100 66

Statins (%) 4 96 96

b-blockers (%) 10 98 68

ACE Inhibitors (%) 8 56 62

ARB (%) 2 16 14

Diuretics (%) 10 20 42

FH of CHD family history of coronary heart disease, CHD coronary

heart disease, Diabetics patients with insulin-treated diabetes

Lipids (2010) 45:129–135 131

123



in concordance with the increase of PLTP activity shown in

CHD patients in comparison to insulin-treated diabetic

patients in our study (see Table 2).

Next, we measured triglyceride levels, a well-known

marker of postprandial lipoprotein catabolism. As expec-

ted, both controls and CHD patients showed a bell-shaped

curve, indicating accumulation and clearance of postpran-

dial lipoproteins in the circulation after a high-fat loading.

To our surprise, such a curve did not exist in insulin-treated

Type 2 diabetes patients (Fig. 1d). Like PLTP activity,

triglyceride levels were continuously increased in the per-

iod of 8 h after the high-fat meal, suggesting that PLTP

activity may be responsible for the clearance of postpran-

dial lipoprotein clearance.

We also measured HDL cholesterol and total cholesterol

levels. Here, no bell-shaped curve could be observed,
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Fig. 1 Pre- and postprandial

PLTP activity (a), total

cholesterol (b), HDL cholesterol

(c), triglyceride (d), and CRP

(e) levels 4 and 8 h after intake

of a high-fat meal as described

in the material and methods

section. All results are presented

as mean ± standard deviation.

a Asterisk CHD versus control

P = 0.032. CHD versus insulin

treated diabetic patients

P = 0.007. Hash PLTP activity

in CHD and control patients at 0

versus 4 h P \ 0.001. Dagger
PLTP activity in CHD and

control patients at 4 versus 8 h

P \ 0.001. b Control vs. CHD

and Control versus insulin

treated diabetic patients

P \ 0.05 at 0, 4 and 8 h.

c Control versus CHD and

Control versus insulin treated

diabetic patients P \ 0.05 at 0,

4 and 8 h. d, e CHD versus

control and insulin treated

diabetic patients versus control

P \ 0.05 at 0, 4 and 8 h
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which we also reported previously in another study [15].

Moreover, controls had significantly higher HDL choles-

terol and total cholesterol levels at all time points than the

patients in both groups (Fig. 1c, d all P-values \ 0.05). We

also measured CRP levels and found that CRP was

significantly increased in both patient groups at all time

points in comparison to healthy controls (Fig. 1e, all

P-values \ 0.05).

Correlation Analyses

Interestingly, PLTP was not correlated to triglycerides in

any subject at any time point (all P-values [ 0.05, data not

presented). However, we found a significant association

between fasting triglycerides and PLTP activity 8 h after

the meal in diabetics or 4 h afterwards in CHD patients, but

not in other subgroups (Table 3).

Glucose Levels

Glucose levels were measured in insulin-treated diabetic

patients during the study period. We found at baseline a

fasting glucose of 145.7 ± 29.7 mg/dl (mean ± SD).

Then, glucose levels increased to its maximum 2 h after the

meal (182.9 ± 42.0 mg/dl) and continuously decreased

during the next 6 h (162.3 ± 58.9 mg/dl 4 h, 128.8 ±

43.9 mg/dl 6 h, 108.9 ± 33.3 mg/dl 8 h after the high fat

meal, respectively).

Moreover, we found no significant correlation of PLTP

with glucose levels at all time points. Correlations were:

PLTP0-Gluc0: r = -0.207, P = 0.222, PLTP4-Gluc4:

r = -0.272, P = 0.094, PLTP8-Gluc8: r = -0.204,

P = 0.213.

Discussion

In the present study we confirmed our previous observation

that plasma PLTP activity is significantly higher in CAD

patients than in controls [6]. Furthermore, we demonstrated

the following for the first time: (1) postprandial serum

PLTP activity levels, like serum TG levels, show a bell-

shaped curve with a peak at 4 h in healthy controls and

CHD-patients; (2) in insulin-treated patients with diabetes

mellitus, postprandial PLTP activity, with a linear line, was

significantly lower than that in controls and CAD patients;

and (3) postprandial PLTP activity correlates with serum

TG levels 8 h after the high-fat meal in diabetic patients.

Thus, we hypothesize that serum PLTP is involved in the

clearance of postprandial lipoproteins, which is attenuated

in insulin-treated Type 2 diabetes.

Based on our observation, serum PLTP activity levels

have a typical postprandial rhythm after a high-fat loading,

which is mainly affected by the predisposing metabolic

conditions. However, our results are different from those

published in two previous reports [16, 17], in which post-

prandial PLTP activity remained nearly unchanged. The

obvious difference between the present study and the

others is the size of the population. We included 150 per-

sons, whereas not even 15 persons were included in the two

previous studies. Moreover, in another study with healthy

controls an infusion highly concentrated with triglycerides

increased PLTP from 8 h to its maximum after 24 h [15],

which may further underline the hypothesis of a regulatory

effect of postprandial triglycerides on PLTP.

Furthermore, PLTP mediates the net transfer of phos-

pholipids from apoB-containing particles (postprandial

lipoproteins are a major part of them) to HDL, promotes

transfer of phospholipids from VLDL and chylomicron into

HDL-particles [18], and without PLTP activity HDL levels

are dramatically reduced [18]. Thus, it is conceivable that

Table 2 Serum PLTP activity in comparison of insulin dependent diabetic patients with or without known CHD. Statistical comparison by T test

PLTP0 pmol/ll/h,

mean ± SD

PLTP4 pmol/ll/h,

mean ± SD

PLTP8 pmol/ll/h,

mean ± SD

Insulin dependent diabetics without known CHD (n = 17) 35.8 ± 37.7 47.6 ± 39.6 58.9 ± 38.6

Insulin dependent diabetics with known CHD (n = 33) 52.1 ± 33.0 69.1 ± 38.6 78.9 ± 43.4

P-value 0.121 0.076 0.124

0 fasting, 4 4 h after a high-fat meal, 8 8 h after a high-fat meal, SD standard deviation

Table 3 Pearsons coefficients of correlation between PLTP activity

and fasting triglycerides in all subgroups. For all analyses, log-

transformed values of triglycerides were used

PLTP0 PLTP4 PLTP8

Controls r = -0.231 r = 0.014 r = 0.088

TRIGL0 P = 0.118 P = 0.942 P = 0.655

CHD patients r = 0.207 r = -0.293 r = -0.226

TRIGL0 P = 0.154 P = 0.041* P = 0.123

Diabetics r = 0.085 r = 0.071 r = -0.298

TRIGL0 P = 0.556 P = 0.631 P = 0.039*

TRIG triglyceride, 0 fasting, 4 4 h after a high-fat meal, 8 8 h after a

high-fat meal

*P \ 0.05 was considered as significant
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PLTP activity is necessary to catabolize postprandial

lipoproteins.

Although the risk factors for atherosclerotic diseases are

well established in diabetes mellitus [19, 20], we hypoth-

esize that PLTP may represent an additional one in these

patients.

In diabetes mellitus PLTP is considered to be a deter-

minant of carotid intima-media thickness, an important

prognostic marker for patients with CHD [21]. Further-

more, PLTP is increased in patients with impaired glucose

tolerance, type II diabetes, and type I diabetes [10–14, 22,

23]. However, in the present study we could not confirm

these observations. We found that PLTP activity was not

different in diabetics in comparison to healthy con-

trols (54.0 ± 33.8 vs. 46.6 ± 35.2 pmol/ll/h, P = 0.339)

(Fig. 1a). This may be partly explained by the quiescent

disease state predominant in our rehabilitation patients.

The topic of PLTP regulation has been discussed

extensively. On the one hand, PLTP secretion may be

up-regulated by glucose in vitro; on the other, plasma

PLTP activity is decreased by exogenous hyperinsulinemia

and glucose-induced hyperinsulinemia in vivo [14, 24, 25].

In our study PLTP increased in the subgroup of insulin-

treated diabetics from the fasting state to 4 and 8 h after the

meal, although insulin in an adapted dosage was subcuta-

neously administered before eating the high-fat meal. This

means that all diabetics in our study had a peak glucose

level accompanied by a peak insulin level approximately

1–2 h after the meal. Then, blood glucose levels decreased

slightly in all patients, which was accompanied by a short

peak after administering long-acting insulin and also fol-

lowed by a slight decrease in plasma insulin levels until the

end of the 8-hour study period without taking any other

food. This underlines the hypothesis that PLTP is not

regulated by hyperglycemia and hyperinsulinemia [26];

otherwise, we would expect the same increase in PLTP

after 4 h followed by a decrease to 8 h in the diabetic

patients that was found in nondiabetic CHD patients and

healthy controls in our study.

This finding is supported by correlation analyses in the

diabetic subgroup: we found no significant correlation of

PLTP with glucose levels at all time points (see ‘‘Results’’

section). However, the interpretation of these data is lim-

ited by the fact that we didn’t measured glucose in the

other groups. On the other hand the different results of our

and the previous studies regarding association of PTLP

with glucose may be explained by different designs [14,

24–26].

In a subanalysis comparing the diabetics with unknown

CHD with diabetics suffering from CHD, the increase of

PLTP activity from baseline to 4 and 8 h after the high fat

meal was found in both subgroups. Thus, increase of PLTP

in the diabetic subgroup was independent on CHD.

Regulation of PLTP under physiological or pathophysi-

ological conditions is still an open issue. As PLTP plays a

key role in (postprandial) lipoprotein metabolism [27], other

factors related to lipoprotein markers may regulate PLTP

activity. Triglycerides are markers of proatherogenic post-

prandial remnant-like particles (RLP) [28]. Furthermore, it

is well known that RLP receptors are downregulated in

diabetics and atherosclerotic diseases [28], and in the present

study triglycerides increased from fasting to 4 and 8 h after

the high-fat meal in the diabetic subgroup; therefore, we

hypothesize that serum PLTP activity is related to abnormal

RLP metabolism. To confirm this hypothesis, we performed

correlation analyses but we found no correlation between

fasting triglycerides and PLTP in the total cohort or in

healthy controls. However, we did find a significant and

negative association between fasting triglycerides and

postprandial PLTP activity after eight hours in diabetics

(r = -0.293, P = 0.041) and postprandial PLTP activity

after 4 h in CHD patients (r = -0.298, P = 0.039). Thus,

we hypothesize that serum triglycerides and, as a conse-

quence, RLP concentrations may be involved in PLTP reg-

ulation under atherosclerotic conditions, which is more

prolonged in diabetics than in patients with CHD in our

study. However, the negative correlations between PLTP

activity and TG levels found in patient groups (at 0 and 8 h)

reflects the known alteration of postprandial triglyceride

lipolysis in patients with Type 2 diabetes mellitus and CHD

rather than RLP clearance [29, 30].

In summary, our study suggests that PLTP is involved in

postprandial lipoprotein clearance and this ability is

diminished in insulin-treated diabetes. This phenomenon is

possibly related to abnormal postprandial clearance of

remnant-like particles in these patients.
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Abstract The composition of fatty acids in abdominal

subcutaneous adipose tissue and the correlation of fatty

acid values of plasma and erythrocytes had not been

reported in Japan. The aim of the present study was to

investigate the fatty acid composition and correlation of

plasma and erythrocyte phospholipids (PL) and adipose

triacylglycerols (TG) in 75 adult patients admitted for non-

malignant diseases. We also examined the relationship of

n-3 and n-6 polyunsaturated fatty acid (PUFA) with

patients’ characteristics. The total n-3 PUFA were 11.2,

11.8 and 1.9%, and the ratios of n-6/n-3 were 2.41, 1.87

and 8.20 in plasma and erythrocyte PL and adipose TG,

respectively. There were the highest correlations for total

n-3 PUFA and the n-6/n-3 ratio between plasma and

erythrocyte PL and adipose TG. There was a positive

correlation between n-3 PUFAs and age, but a negative

correlation was found between n-6 PUFAs and age. There

was no significant difference in the values of PUFAs in

plasma and erythrocyte PL and adipose TG between men

and women. The patients with cholesterol cholecystolithi-

asis showed a significantly lower proportion of eicosa-

pentaenoic acid in plasma and erythrocyte PL than those of

the other patients. Our findings suggest that PUFA in

plasma and erythrocyte PL may be good biomarkers and

more acceptable for studying participants than adipose TG.

Keywords Fatty acid composition �
Plasma phospholipids � Erythrocyte phospholipids �
Adipose triacylglycerols � Age � Sex � Body mass index �
Cholesterol cholecystolithiasis

Abbreviations

ARA Arachidonic acid

BMI Body mass index

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

LA Linoleic acid

PL Phospholipid

PUFA Polyunsaturated fatty acid

TG Triacylglycerol

Introduction

In Japan, dietary habits and lifestyle have changed greatly,

and nutritionally related diseases are rapidly approaching

the levels of Western countries [1–7]. A review of data

published by the Japan Ministry of Health, Labour and

Welfare for the national nutritional survey in Japan for the

years between 1955 and 2004 [6] showed that the total

energy intake had changed little. However, the intake of fat

has been increasing markedly. In 1955, carbohydrates
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accounted for nearly 80% of the total energy intake, but

there has been a gradual decrease year by year, and the

decrease in the percentage of energy from carbohydrates

was balanced by an increase in the percentage of energy

from fat intake. Furthermore, the components of dietary fat

also changed in Japan between 1955 and 2004. The pres-

ence of sea foods rich in eicosapentaenoic acid (EPA) and

docosahexaenoic acid (DHA) in the traditional Japanese

diet helped to provide a diet with relatively low ratios of

n-6 to n-3 polyunsaturated fatty acids (PUFAs). The fat

intake from those sources has remained almost the same

since 1955, while the intake of animal and vegetable fats

rapidly increased up to 1975, with a further slow increase

being evident from 1975 to 1995, and a relatively slow

decrease afterward. Clearly, the increased fat intake in

Japan has been due to the increased consumption of animal

and vegetable fats, and not fish oil. This is an obvious

reflection of the westernization of Japanese dietary habits,

and it has had a negative impact. Dietary intake of fat is

related to cardiovascular disease [4, 7, 8], obesity [9, 10]

and some cancers [2, 3]. Greater emphasis has been placed

on the potential health benefit of maintaining good nutri-

tional practices.

The fatty acid composition of serum lipids has been

considered a reliable index reflecting dietary intake of fatty

acids over periods of weeks or months [11, 12]. The rate at

which fatty acid changes occur in red blood cells is slower

than that for plasma lipids [13, 14]. The fatty acid compo-

sition of subcutaneous adipose tissue changes much more

slowly than that of the other lipid fractions, e.g., plasma

lipids and the erythrocyte membrane. The individual level

of fatty acid composition of adipose tissue is a valid index

for the habitual dietary fatty acid composition over the

preceding two and half years in free living adults [15, 16],

and this means that subcutaneous adipose tissue biopsies

can be particularly useful for studying the long-term effects

of dietary fat quality [17]. However, taking blood samples is

more acceptable to study patients than adipose tissue

excision or aspiration, and fatty acid measurement in

plasma or erythrocyte membrane lipids may be more fea-

sible in large-scale epidemiological studies if plasma or red

blood cells could be substituted for subcutaneous fat.

In Japan, there is a long history of eating fish, but the

Japanese diet continues to become more westernized,

especially among the younger generation. We therefore

examined the fatty acid composition of these lipids and the

association between plasma and erythrocyte phospholipid

(PL) and abdominal subcutaneous adipose triacylglycerol

(TG) in adults patients admitted for non-malignant dis-

eases. We also examined the role of several personal

characteristics (such as age, sex, BMI and patients with

cholesterol gallstones etc.) in terms of fatty acid compo-

sition of plasma and erythrocyte PL and adipose TG.

Experimental Procedures

Subjects

Seventy-five adult patients who had been admitted for

elective surgery to Kansai Medical University Hospital for

non-malignant disease; 39 inguinal hernia, 28 cholesterol

cholecystolithiasis, 6 abdominal aortic aneurysm, and 2

varicosis patients were entered into this study, of whom 48

were men and 27 were women. Patients with previously

reported metabolically important disease (diabetes, hepatic

or renal dysfunction, and those undergoing drug treatment

for hyperlipidemia) were excluded. Body mass index

(BMI) was calculated as weight in kilograms divided by

the square of the height in meters.

The protocol was approved by the ethical committee of

Kansai Medical University, and all study participants gave

their informed consent for use of blood samples and sub-

cutaneous fat for research purposes.

Fasting blood samples obtained after 12–14 h overnight

fasting were collected and placed in plastic tubes con-

taining EDTA as an anticoagulant, mixed, and centrifuged

for 15 min at room temperature. Plasma and packed red

blood cells were obtained from EDTA-anticoagulated

blood. Plasma was then transferred to smaller tubes for

storage at -80 �C until analysis. RBCs were washed twice

with saline and frozen at -80 �C until analysis.

A fragment of adipose tissue was removed from

abdominal subcutaneous fat during surgery. Each fragment

was rinsed with saline, immediately frozen on dry ice and

stored at -80 �C until analysis.

Fatty Acid Analysis

The fatty acid composition of the total phospholipid frac-

tion of washed red blood cells and plasma was determined

as follows: Total lipids were extracted by the method of

Bligh and Dyer [18]. The total phospholipid fraction was

separated by thin-layer chromatography and after trans-

methylation with HCL–methanol, the fatty acid composi-

tion was analyzed by gas chromatography (GC14A

Shimadzu Corporation, Kyoto, Japan) with a capillary

column DB-225 (0.25 mm, 30 m length id, 0.25 lm; J&M

Scientific, Folsom, CA, USA). The column temperature

was kept at 170 �C for the first 1 min, raised to 220 �C at a

rate of 4 �C/min, and kept at this temperature for 22 min.

The whole system was controlled with gas chromatography

software, CLSS-GC10 ver. 1.3 (Shimadzu Corporation,

Kyoto, Japan).

The fatty acid composition of the triacylglycerol frac-

tion of subcutaneous adipose tissue was determined in a

similar manner, except that the TG fraction separated by

thin-layer chromatography was used. We adopted the area
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percentage of each fatty acid in all detected fatty acids as a

measurement value.

The laboratory was blind to the sample origin (disease,

sex, age etc.).

Statistical Analysis

Data are expressed as means ± SD. Statistical analysis for

the subject characteristics between sex and age groups was

performed by the Mann–Whitney test. The correlation for

some PUFAs between plasma and erythrocyte PL and

adipose TG was calculated using Spearman’s method.

Univariate regression and multivariate analyses were per-

formed to assess the relationship between plasma PL

EPA ? DHA, erythrocyte PL EPA ? DHA and adipose

TG EPA ? DHA and characteristics (age and BMI) of

participants. Associations between plasma PL linoleic

acid (LA) ? arachidonic acid (ARA), erythrocyte PL

LA ? AA and adipose TG LA ? AA and some charac-

teristics of the subjects were also analyzed in the same

way. In the case of multivariate analysis, age and BMI

were included into the calculation as independent predic-

tors. The association of the area percentage of PUFAs for

plasma and erythrocyte PL and adipose TG in men and

women was analyzed by the ratio test. All statistical

analyses were performed with JMP 2005 by the SAS

institute Inc., Cary, NC., USA. Significance was taken as

P \ 0.05.

Results

Subjects

The mean age of the men was 58 years (range 27–81 years)

and that of the women 58 years (range 33–74 years).

The mean BMI value of patients was 23.3 ± 3.7 (range

16.5–37.8). There were no significant differences in the

number of the patients and BMI between sex and age

groups. Characteristics of the study subjects and body mass

indices are shown in Table 1.

Fatty Acid Analysis

The mean fatty acid compositions of plasma and erythro-

cyte PL and adipose TG fractions are presented in Table 2.

In plasma and erythrocyte PL fractions, the greatest pro-

portion of fatty acids was saturated fatty acids, 47.7 ± 1.4

and 45.1 ± 1.4%, respectively, followed by polyunsatu-

rated ones (38.2 ± 1.5 and 33.9 ± 1.4%, respectively).

However, in adipose TG fraction the highest proportion of

fatty acids was monounsaturated (53.2%), followed by

saturated (29.6%) and polyunsaturated fatty acids (17.2%).

Palmitic acid (16:0) had the highest proportion of all fatty

acids in plasma and erythrocyte PL fraction, and oleic acid

(18:1n-9) had the highest in adipose TG fraction. Among

PUFA, linoleic acid (LA 18:2n-6, 16.3%), arachidonic acid

(AA 20:4n-6, 10.5%) and LA (18:2n-6, 14.2%) accounted

for the greatest proportions in plasma PL, erythrocyte PL

and adipose TG fractions, respectively. The total n-6 fatty

acids were 27.0, 22.1 and 15.3% in plasma PL, erythrocyte

PL and adipose TG fractions, respectively. As for the total

n-3 fatty acids, they were 11.2, 11.8, and 1.9% in plasma

PL, erythrocyte PL and adipose TG fractions, respectively.

The ratios of n-6/n-3 were 2.4, 1.9 and 8.2 in plasma PL,

erythrocyte PL and adipose TG fractions, respectively.

Fatty Acid Analysis for Cholesterol Gallstone Patients

The fatty acid composition of plasma and erythrocyte PL

and adipose TG fractions was compared between the

patients with cholesterol cholecystolithiasis and those with

inguinal hernia or varicosis. The proportion of plasma PL

EPA was 2.0 ± 0.9 and 2.8 ± 1.7 in cholesterol gallstone

patients and other patients, respectively (P \ 0.05). The

EPA proportion in the erythrocyte PL fraction was

1.6 ± 0.6 and 2.1 ± 0.9 in cholesterol gallstone patients

and the other patients, respectively (P \ 0.001). However,

there were no differences in the EPA proportion in adipose

TG fraction in either group. There were no particular dif-

ferences in the other fatty acids between the groups.

Correlations of Fatty Acid Profile in Plasma

and the Erythrocyte PL and Adipose TG Fraction

Significant positive correlations were found for several fatty

acids. The correlations were highest for EPA in all three

types of comparison. A strong significant positive correla-

tion was found for nearly all PUFAs; LA (r = 0.81,

P \ 0.001), AA (r = 0.74, P \ 0.001), EPA (r = 0.84,

P \ 0.001), DHA (r = 0.74, P \ 0.001) and total saturated

fatty acids in a comparison between plasma and erythrocyte

Table 1 Characteristics of study subjects

Age (years) Male Female

n BMI n BMI

B49 14 24.0 ± 4.4a 5 21.1 ± 3.1

50–69 22 22.4 ± 2.7 17 25.1 ± 4.5

C70 12 22.1 ± 2.5 5 24.3 ± 3.6

48 22.8 ± 3.3 27 24.2 ± 4.3

a All values are expressed as means ± SD. BMI Body mass index

(kg/m2)

There were no significant difference in the number of the patients and

BMI between sex and age groups
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PL fractions. In a comparison between erythrocyte PL and

adipose TG fractions, correlation coefficients were weak or

absent for LA (18:2n-6), AA (20:4n-6), DHA (22:6n-3) and

saturated fatty acids. Likewise, in a comparison between

plasma PL and adipose TG fractions, significant positive

correlations were found only for EPA (r = 0.57,

P \ 0.001), AA (r = 0.32, P \ 0.001) and LA (r = 0.27,

P \ 0.05), but not for DHA or saturated fatty acids. The

highest correlations in all three types of comparison were

found for the total n-3 fatty acids, the ratio of n-6/n-3 and

EPA/PUFA.

Differences in Fatty Acid Composition Due to Sex

The differences in the values of PUFAs in plasma and

erythrocyte PL and adipose TG fractions due to sex are

shown in Fig. 1. There was no significant difference in the

values of PUFAs in plasma and erythrocyte PL and adipose

TG fractions between men and women.

Changes in PUFAs with Age

Univariate and multivariate analyses of EPA ? DHA in

plasma and erythrocyte PL and adipose TG fractions and

age are shown in Table 3. Those of LA ? AA are shown in

Table 4. There was a significantly positive correlation

between EPA ? DHA in plasma and erythrocyte PL

fractions and age, but not n-3 PUFA in the adipose TG

fraction and age on both univariate and multivariate anal-

yses, respectively. LA ? AA in plasma and erythrocyte PL

fractions showed a significant inverse correlation with age,

but not between those in the adipose TG fraction and age.

Correlations Between EPA ? DHA, and Age and BMI

Univariate and multivariate analyses of EPA ? DHA val-

ues, and age and BMI are shown in Table 3. There were

significantly positive correlations between EPA ? DHA in

the plasma and erythrocyte PL fractions and age. No sig-

nificant correlations were found between EPA ? DHA and

BMI.

Correlations Between LA ? AA, and Age and BMI

Univariate and multivariate analyses of LA ? AA values,

and age and BMI are shown in Table 4. LA ? AA values

in both PL fractions were inversely correlated with age.

Those values in the plasma PL fraction were also inversely

correlated with BMI. Otherwise no correlations were found

Discussion

Because monounsaturated and saturated fatty acids are

endogenously synthesized, their proportions are not

expected to represent the proportion of dietary fatty acids,

but at least the essential fatty acids in plasma [19–22], the

erythrocyte membrane [22, 23] and adipose tissue [23–26]

provide useful information on fatty acid intake. James et al.

[27] investigated the relationship between dietary linoleic

Table 2 Fatty acid composition of plasma and erythrocyte phos-

pholipids and adipose triacylglycerols

Fatty acid Plasma

phospholipids

Erythrocyte

phospholipids

Adipose

triacylglycerols

Saturated

16:0 29.8 ± 1.5 24.6 ± 1.4 21.8 ± 2.2

18:0 14.9 ± 1.2 13.9 ± 1.2 5.3 ± 1.4

20:0 0.5 ± 0.1 0.4 ± 0.0 0.2 ± 0.1

22:0 1.2 ± 0.3 1.5 ± 0.2 0.1 ± 0.2

24:0 1.0 ± 0.2 4.5 ± 0.5 0.0 ± 0.0

Monounsaturated

16:1n-7 0.5 ± 0.2 0.4 ± 0.2 4.3 ± 1.7

18:1n-9 8.8 ± 1.2 13.6 ± 1.0 44.4 ± 2.3

18:1n-7 2.0 ± 0.4 1.6 ± 0.2 3.4 ± 0.6

20:1n-9 0.2 ± 0.1 0.2 ± 0.1 0.9 ± 0.2

24:1n-9 2.6 ± 0.6 5.2 ± 0.7 0.0 ± 0.0

Polyunsaturated

n-3 PUFA

18:3 0.2 ± 0.1 0.1 ± 0.1 0.9 ± 0.3

20:5 (EPA) 2.5 ± 1.5 1.9 ± 0.8 0.1 ± 0.1

22:5 1.0 ± 0.2 2.0 ± 0.3 0.2 ± 0.2

22:6 (DHA) 7.5 ± 1.6 7.7 ± 1.2 0.6 ± 0.4

n-6 PUFA

18:2 (LA) 16.3 ± 2.8 8.7 ± 1.3 14.2 ± 2.1

18:3 0.0 ± 0.0 0.0 ± 0.1 0.4 ± 0.4

20:3 2.0 ± 0.5 1.1 ± 0.2 0.2 ± 0.1

20:4 (AA) 8.3 ± 1.3 10.4 ± 1.3 0.2 ± 0.1

22:4 0.1 ± 0.1 1.4 ± 0.4 0.0 ± 0.0

22:5 0.0 ± 0.0 0.2 ± 0.1 0.0 ± 0.0

Total n-6a 27.0 ± 2.8 22.1 ± 2.3 15.3 ± 2.2

Total n-3b 11.2 ± 2.8 11.8 ± 2.0 1.9 ± 0.5

n-6/n-3 2.6 ± 1.0 2.0 ± 0.5 8.7 ± 2.2

LA ? AA 24.5 ± 2.6 19.1 ± 1.9 14.4 ± 2.1

EPA ? DHA 10.1 ± 2.7 9.6 ± 1.8 0.7 ± 0.4

PUFA 38.0 ± 1.5 33.9 ± 1.3 17.2 ± 2.3

Total saturatedc 47.7 ± 1.4 45.1 ± 1.4 29.6 ± 2.9

All values are expressed as means ± SD

AA arachidonic acid, EPA eicosapentaenoic acid, DHA docosahexa-

enoic acid, LA linoleic acid, PUFA polyunsaturated fatty acid
a Total n-6 is the sum of 18:2n-6, 18:3n-6, 20:3n-6, 20:4n-6, 22:4n-6

and 22:5n-6
b Total n-3 is the sum of 18:3n-3, 20:5n-3, 22:5n-3 and 22:6n-3
c Total saturated is the sum of 16:0, 18:0, 20:0, 22:0 and 24:0

140 Lipids (2010) 45:137–144

123



acid intake of 2.5–17.5% of energy and the tissue con-

centration of arachidonic acid in healthy male volunteers.

They found a positive linear relationship between dietary

LA and the LA concentration in neutrophil phospholipids,

plasma triacylglycerols, and plasma cholesteryl esters. By

contrast, differences in dietary LA within a broad range

were not associated with differences in concentrations of

AA in those neutrophil and plasma fractions. They also

investigated the effects of n-3 PUFA on AA concentration

in neutrophil and plasma PL. The AA concentrations in

neutrophil and plasma PL were lowered by 17.6 and 18.1%

on supplementation of the diet with 4 g fish oil (1.6 g EPA,

0.3 g DHA), respectively. They concluded that a reduction

in dietary linoleic acid by using standard dietary strategies

is not likely to lead to a reduction in tissue AA, whereas

this can be accomplished by EPA-rich fish-oil supple-

mentation. On the other hand, Harris et al. [28] reported the

effects of 16 weeks’ intake of fish or fish-oil capsules on

the fatty acid composition of erythrocyte and plasma

phospholipids. They found that DHA-rich fish oil from

either oily fish or fish-oil capsules enriched blood lipids

with n-3 fatty acids, but that arachidonic acid concentra-

tions decreased in plasma phospholipids only by 6–7%

during the first month, and did not change noticeably

thereafter or in erythrocytes at any time. In Japan the

average intakes of EPA and DHA are about 0.4 and 0.7 g

per day, respectively [29]. Although we did not measure

fatty acid intake, considerable intake of EPA in our sub-

jects appeared to affect AA contents in both erythrocyte

and plasma PL fractions. This is why we found a very

significant correlation in AA values between erythrocyte

and plasma PL fractions (r = 0.74).

Recently, Beydoun et al. [30] reported the fatty acid

composition of plasma phospholipids in 2,251 adults aged

50–65 years in the USA. The percentage of women and

age distribution of the subjects were similar to those of

our study. Comparing their data with our results, the

proportion of total saturated fatty acids, oleic acid, the

highest proportion in monounsaturated fatty acids and

total unsaturated fatty acids were essentially the same.

However, the proportions of n-3 and n-6 fatty acids in

plasma phospholipids were very different. Total n-6

PUFA, LA and AA values in their study were 1.4 times,

1.4 times and 1.3 times higher than ours, respectively.

Total n-3 PUFA, alpha-linolenate EPA and DHA values

in our subjects were 3.1 times, 2.6 times, 4.4 times and

2.6 times higher, respectively, than theirs. The Japanese

diet has become more westernized, but Japanese still

consume more fish than Western countries such as the

USA where the median EPA and DHA intake is 0.25 g

per day [31].

Hodson et al. [32] calculated the mean values of 13 fatty

acids in various blood fatty acid fractions using 9–19

studies in Western countries. The mean fatty acid compo-

sition of adipose tissue was surprisingly similar to our data.

The n-3 fatty acids do not accumulate in the adipose tissue,

probably because those fatty acids are too ‘‘soft’’ (non-

viscous) [33] to keep the adipose tissue more or less solid.

A very small accumulation of n-3 fatty acids in the adipose

Fig. 1 Area percentage contents of some PUFA for plasma and

erythrocyte PL and adipose TG in men and women. LA linoleic acid,

AA arachidonic acid, EPA eicosapentaenoic acid, DHA docosahex-

aenoic acid, PL phospholipid, TG triacylglycerol. Men closed

columns, women open columns. All values are expressed as

means ± SD and bars indicate one SD. Statistical analysis were

done using the ratio test. There were no significant difference between

men and women in the values of PUFAs of plasma and erythrocyte

PL and adipose TG fractions
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tissue in our Japanese subjects appeared to exert no sizable

competitive effects on n-6 PUFA value. As expected, in the

plasma and erythrocyte PL fractions, increased n-3 fatty

acids and decreased n-6 fatty acids were found in our

subjects compared with those of Hodson et al. [32].

Cholesterol gallstone disease is a common disease in

western countries and also in Japan. A number of dietary

factors are involved in the pathogenesis of cholesterol

cholelithiasis [34, 35]. It has been reported that populations

consuming a diet rich in n-3 FUPA exhibit a low incidence

of cholesterol cholelithiasis [36]. In our study, the patients

with cholesterol gallstones showed a significantly lower

level of EPA in the plasma and erythrocyte PL fraction

than those in the other patients.

Concerning sex-related differences in fatty acid com-

position, a higher proportion of LA and DHA in subcuta-

neous adipose tissue was reported in Scottish women than

in Scottish men [37]. Similar results were also found in

serum in middle-aged Finnish [38] and Dutch ([20 years

younger than our subjects) [39] subjects. In the present

study, there were no significant differences between men

and women in any PUFAs of the plasma and erythrocyte

PL and adipose TG fractions. Similarly, no sex difference

in long chain n-3 PUFAs in serum among over 1,200

Japanese subjects aged 40–79 years was reported [40].

These differences among various studies may be due to

differences in hormonal balance, age, dietary intake or

disease status.

Table 3 Relation between EPA ? DHA in plasma PL, erythrocyte PL and adipose TG and patients’ characteristics

Independent variable Univariate analysis Multivariate analysis

95% CI 95% CI

r Lower Upper P value Standardized b Lower Upper P value

Plasma PL

Age 0.33 0.11 0.52 0.004 0.07 0.02 0.11 0.003

BMI 0.13 -0.10 0.35 0.26 0.11 -0.04 0.27 0.15

Erythrocyte PL

Age 0.42 0.22 0.59 0.0002 0.06 0.03 0.09 0.0001

BMI 0.09 -0.14 0.31 0.46 0.06 -0.04 0.16 0.26

Adipose TG

Age 0.003 -0.22 0.23 0.98 0.0004 -0.01 0.01 0.90

BMI 0.15 -0.08 0.36 0.20 0.02 -0.01 0.04 0.20

EPA ? DHA is the area percentage of EPA ? DHA in the total PL fraction in plasma and erythrocyte, and total TG fraction in subcutaneous

adipose tissue

BMI body mass index (kg/m2), EPA eicosapentaenoic acid, DHA docosahexaenoic acid, PL phospholipid, TG triacylglycerol

Table 4 Relation between LA ? AA in plasma PL, erythrocyte PL and adipose TG and patients’ characteristics

Independent variable Univariate analysis Multivariate analysis

95% CI 95% CI

r Lower Upper P value Standardized b Lower Upper P value

Plasma PL

Age -0.26 -0.46 -0.04 0.02 -0.06 -0.10 -0.01 0.01

BMI -0.25 -0.45 -0.03 0.03 -0.19 -0.35 -0.04 0.01

Erythrocyte PL

Age -0.42 -0.59 -0.21 0.0002 -0.06 -0.09 -0.03 0.0001

BMI -0.10 -0.32 0.13 0.42 -0.07 -0.17 0.04 0.23

Adipose TG

Age 0.21 -0.02 0.41 0.07 0.0318 0.00 0.07 0.08

BMI -0.03 -0.26 0.19 0.77 -0.01 -0.14 0.12 0.88

LA ? AA is the area percentage of LA and AA in the total PL fraction in plasma and erythrocyte, and total TG fraction in subcutaneous adipose

tissue

AA arachidonic acid, BMI body mass index (kg/m2), LA linoleic acid, PL phospholipid, TG triacylglycerol
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In the present study, age was positively correlated with

n-3 PUFAs in the plasma and erythrocyte PL and adipose

TG fractions, but negatively correlated with n-6 FUFAs,

especially in the plasma and erythrocyte PL fractions.

Itomura et al. [41] investigated the factors influencing

EPA ? DHA levels in the erythrocyte PL fraction in

Japan. They found a significant positive relationship

between EPA ? DHA in erythrocytes and dietary

EPA ? DHA %, and also a significant positive relationship

between EPA ? DHA in the erythrocyte PL fraction and

age. Furthermore, in a national nutrition survey in Japan

[42], a positive correlation between n-3 PUFAs intake and

age was reported, while a negative correlation between n-6

PUFAs intake and age was also reported. Consequently,

these correlations were mainly explained by dietary factors.

Not many fatty acid values correlated with BMI in our

measured fractions, as reported by Itomura et al. [41].

However, n-3 PUFAs were found to be negatively associ-

ated with obesity in Australia [43]. In the Australian study,

the exclusion criteria for participation induced consump-

tion of fish-oil supplements and consumption of more than

two fatty fish meals per week. On the other hand, almost

60% of people in Japan eat fresh fish more than 3 times per

week [40]. Furthermore, there was a big difference in

average BMIs between the two studies’ subjects. These

might explain the different results.

The relationship between types of fat intake and BMI

were investigated in Spain [44]. It was reported that energy

from fat does not play an important role in the development

of obesity. On the other hand, the Nurses’ Health Study

Cohort showed that dietary lipids other than vegetable fat

were positively associated with BMI, and vegetable fat was

inversely related to BMI [45]. Waresjo et al. [46] investi-

gated the relationship between the fatty acid composition

of serum cholesteryl esters and obesity. They found a

positive and significant association between BMI and

20:4n-6 and 20:5n-3, and a strong and inverse association

of LA. Taking into consideration that fish oils reduced

obesity in rats but had no effects in humans [47], the

positive relationship between EPA and BMI was surpris-

ing. In our study, an inverse correlation was found between

LA ? AA in the plasma PL fraction and BMI. The reason

for this is not clear.

Adipose tissue PUFA may best reflect the long-term

PUFA composition in the diet, but is rarely used as a

biomarker because of the invasive sample collection pro-

tocol. In our study, PUFAs showed significant and strong

correlations between the plasma and erythrocyte PL and

adipose TG fractions.

In conclusion, our findings suggest that PUFA in plasma

and erythrocyte PL may be a good biomarker and a more

acceptable method to study participants than adipose tissue

TG.
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Abstract Triacylglycerol (TAG) is the main storage lipid

in plants. Acyl-CoA: diacylglycerol acyltransferase

(DGAT1 and DGAT2) and phospholipid: diacylglycerol

acyltransferase (PDAT) can catalyze TAG synthesis. It is

unclear how these three independent genes are regulated in

developing seeds, and particularly if they have specific

functions in the high accumulation of unusual fatty acids in

seed oil. The expression patterns of DGAT1, DGAT2 and a

PDAT in relation to the accumulation of oil and epoxy and

hydroxy fatty acids in developing seeds of the plant species

Vernonia galamensis, Euphorbia lagascae, Stokesia laevis

and castor that accumulate high levels of these fatty acids in

comparison with soybean and Arabidopsis were investi-

gated. The expression patterns of DGAT1, DGAT2 and the

PDAT are consistent with all three enzymes playing a role in

the high epoxy or hydroxy fatty acid accumulation in

developing seeds of these plants. PDAT and DGAT2 tran-

script levels are present at much higher levels in developing

seeds of epoxy and hydroxy fatty acid accumulating plants

than in soybeans or Arabidopsis. Moreover, PDAT, DGAT1

and DGAT2 are found to be expressed in many different

plant tissues, suggesting that these enzymes may have other

roles in addition to seed oil accumulation. DGAT1 appears

to be a major enzyme for seed oil accumulation at least in

Arabidopsis and soybeans. For the epoxy and hydroxy fatty

acid accumulating plants, DGAT2 and PDAT also show

expression patterns consistent with a role in the selective

accumulation of these unusual fatty acids in seed oil.

Keywords Vernonia galamensis � Stokesia laevis �
Euphorbia lagascae � Castor (Ricinus communis) �
Arabidopsis thaliana � Soybean �
Diacylglycerol acyltransferase �
Phospholipid: diacylglycerol acyltransferase �
Epoxy and hydroxy fatty acids � Oil accumulation �
Seed development

Abbreviations

AtDGAT1/2 Arabidopsis thaliana DGAT1/2

AtPDAT Arabidopsis thaliana PDAT

BHT Butylated hydroxytoluene or

butylhydroxytoluene

DAF Days after flowering

DAG sn-1,2-diacylglycerol

DGAT1 Type 1 acyl-CoA: diacylglycerol

acyltransferase

DGAT2 Type 2 acyl-CoA: diacylglycerol

acyltransferase

ER Endoplasmic reticulum

LCAT Lecithin: cholesterol acyltransferase

PDAT Phospholipid: diacylglycerol

acyltransferase

RcDGAT1/2 Ricinus communis DGAT1/2

RcPDAT1A Ricinus communis PDAT1A

ScPDAT Saccharomyces cerevisiae PDAT

TAG Triacylglycerol

Introduction

Seed oils are an important source of fatty acids for human

nutrition and hydrocarbon chains for industrial products.
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Most seed oils of plants such as soybean, canola, sun-

flower, oil palm and maize are stored largely in the form of

triacylglycerol (TAG), as the major carbon and energy

reserve [1]. TAG in common oilseeds is predominantly

composed of five fatty acids, the saturated palmitic (C16:0)

and stearic (C18:0) acids, monounsaturated oleic acid

(C18:1), the polyunsaturated linoleic (C18:2) and a-lino-

lenic (C18:3) acids. However, a very large diversity of fatty

acids exists in the reserve TAG of seeds. A number of plant

species have been found to contain high levels of unusual

fatty acids such as hydroxy, epoxy and acetylenic fatty

acids [2]. For example, castor (Ricinus communis) oil is

as much as 90% ricinoleate, a hydroxy fatty acid

(12-hydroxy-octadec-cis-9-enoic acid). The seed oils from

Vernonia galamensis, Euphorbia lagascae and Stokesia

laevis can accumulate 60–80% of an epoxy fatty acid

known as vernolic acid (cis-12-epoxyoctadeca-cis-9-enoic

acid) [3–6]. These unusual fatty acids have properties

that make them valuable as renewable raw materials for the

chemical industry, being used in making plastics, paints,

other coatings, adhesives and composites.

The synthesis of TAG and the high accumulation of a

single unusual fatty acid in seed oils have attracted consid-

erable interest, both in functional and applied areas of plant

biology. In seeds, TAG biosynthesis occurs in certain mem-

branes of the endoplasmic reticulum (ER) and accumulates in

oil bodies, which are generated through budding of the outer

ER membrane [7]. TAGs are synthesized by the enzymes of

the Kennedy pathway, which sequentially transfer acyl

chains from acyl-CoAs to sn-1, -2 and -3 positions of a

glycerol backbone [8]. Acyl-CoA: diacylglycerol acyltrans-

ferase (DGAT; EC 2.3.1.20), a transmembrane enzyme,

functions in the final step of the pathway by catalyzing the

acylation of sn-1,2-diacylglycerol (DAG) at the sn-3 position

using an acyl-CoA substrate. DGAT has been proposed to be

the rate-limiting enzyme in plant storage lipid accumulation

[9, 10]. It was discovered that many organisms have two

distinct classes of DGATs with no homology to each other,

designated DGAT1 and DGAT2 [11–14] and a third soluble

DGAT has also been described [15]. Genes encoding DGAT1

have been cloned and characterized from several plant spe-

cies [16–19]. In addition to DGAT, another mechanism of

TAG synthesis has been recently reported in plants and yeast

[20, 21]. This is an acyl-CoA independent reaction where a

phospholipid such as phosphatidylcholine or phosphatidyl-

ethanolamine can donate its sn-2 acyl group to DAG,

resulting in the formation of TAG. This transacylase activity

is termed phospholipid: diacylglycerol acyltransferase

(PDAT; E.C.2.3.1.158). PDAT genes have also been isolated

and identified in plants [22, 23].

Although the current literature shows that DGAT1,

DGAT2 and PDAT, encoded by three separate gene fami-

lies, are all capable of catalyzing the final acylation step

during TAG synthesis, it remains poorly understood as to

how they contribute to the overall accumulation of TAG in

seed oils and how they are regulated in developing seeds.

The specific functions of DGAT1, DGAT2 and PDAT in the

high accumulation of unusual fatty acids such as epoxy and

hydroxyl fatty acids in seed oils are only recently beginning

to be elucidated and recent studies indicate an important

role for DGAT2. In 2006 [24] reported that DGAT2

appeared to be of importance in castor oil biosynthesis and

[25] presented good evidence that DGAT2 may be involved

in the selective accumulation of the unusual fatty acid,

eleostearic acid, in tung (Vernicia fordii) oil. Subsequently

[26] showed that castor DGAT2 can nearly double hydroxy

fatty acid accumulation in Arabidopsis seeds (from *17 to

*30%) co-expressing this gene along with the castor

hydroxylase compared to the hydroxylase gene alone.

In the present paper, we report our studies on transcript

levels of DGAT1, DGAT2 and PDAT expression during the

seed development of Vernonia galamensis, Euphorbia

lagascae, Stokesia laevis, castor (Ricinus communis),

soybeans (Glycine max cv. Jack) and Arabidopsis. We also

examined the correlation between these three gene expres-

sion patterns and oil/target fatty acid accumulation in the

seeds. Our current data suggest that DGAT2 and PDAT play

important roles in epoxy and hydroxy fatty acid accumu-

lation in seed oils of source plants, although DGAT1

appears to be a major enzyme for oil accumulation in all the

plants studied, especially soybean and Arabidopsis.

Materials and Methods

Plant Materials

Developing seed samples were collected from both the

source plants and common oilseed plants. The source

plants included Vernonia galamensis, Euphorbia lagascae,

Stokesia laevis and castor (Ricinus communis), which can

accumulate high levels of epoxy and hydroxy fatty acids in

their seed oils. Soybean and Arabidopsis thaliana represent

a common oilseed and a model plant for comparison in this

study. Arabidopsis plants were grown in a growth chamber

under a 16 h light 20 �C/8 h dark 15 �C cycle. Euphorbia,

castor and soybean plants were grown in a greenhouse at

16/8 day/night and 25/21 �C. Vernonia and Stokesia plants

were grown in outdoor plots in Lexington, KY.

Dicot embryogenesis is divided into five general stages:

globular, heart, cotyledon, maturation, and dormancy [27–

30]. In this study, we focused on cotyledon to maturation

stages and further classified them based on six different

developmental phases, including: days after flowering

(DAF), seed size (length), seed coat color, fresh weight and

other morphological traits of seeds. Simply, the days after

146 Lipids (2010) 45:145–157
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flowering/pollination, which represent each developmental

stage of the tested plant seeds, are listed in Table 1.

Northern Blots

Total RNA was isolated from roots, stems, leaves, young

developing embryos (between stage 1 and 3) and mid-late

maturation seeds (between stage 3 and 4) of all the test

plants. The Trizol reagent was used for this isolation

according to manufacturer’s instructions (Invitrogen).

Based on the alignment of the known sequences for each

DGAT1, DGAT2 and PDAT gene, a conserved region

was identified for each gene. Then, conserved regions of

Arabidopsis DGAT1 (At2g19450), DGAT2 (At3g51520)

and PDAT (At5g13640) cDNAs were amplified and labeled

with digoxigenin (DIG)-UPT by a PCR DIG Probe Syn-

thesis Kit (Roche Applied Science). RNA was separated on

1% denaturing formaldehyde gel and transferred onto a

Zeta-Probe Blotting Membrane (Bio-Rad Laboratories).

Equalized loading of RNA was checked by ethidium bro-

mide staining of rRNAs. The hybridization was performed at

60 �C overnight using the DIG Easy Hyb kit (Roche Applied

Science). The final washing step was performed at 65 �C in

0.1 9 SSC and 0.1% SDS under constant agitation. The

hybridized mRNA was detected with alkaline phosphatase

conjugated anti-DIG antibody (Roche Applied Science) and

its chemiluminescent substrate, CDP-Star (Roche Applied

science), following the manufacturer’s protocol.

Real-Time PCR Quantification

Total RNA was extracted from the developing seeds at six

developmental stages using the methods described above.

After extraction, RNA samples were treated with DNaseI

(Promega Co.) to remove contaminating DNA. First-strand

cDNA was synthesized with the SuperScript II RT kit

(Invitrogen), using equal amounts of oligo (dT) and ran-

dom primers, according to the manufacturer’s instructions.

All Real-time reactions were performed in an iCycler iQ

detection system (Bio-Rad) using the intercalation dye

SYBR Green I master mix kit (Applied Biosystems) as a

fluorescent reporter.

PCR reactions were performed in triplicate in 25-lL

volumes using 1 lL of each forward and reverse primers

(500 nM), 12.5 lL of SYBR green master mix, 5 lL of a

1:10 (v/v) dilution of cDNA and 5.5 lL of DEPC treated

water. Reactions were performed in MicroAmp 96-well

plates (Applied Biosystems) covered with optical adhesive

covers (Applied Biosystems). The following program was

applied: initial polymerase activation at 95 �C for 10 min;

then a two-temperature thermal cycle consisting of dena-

turation at 95 �C for 15 s, followed by anneal extension at

60 �C for 1 min, totally 40 cycles.

The quantification of PCR products was performed via a

calibration curve procedure using 18S RNA as an internal

standard. PCR products were analyzed using melting

curves as well as agarose gel electrophoresis to ensure

single product amplification. The ratio of gene-specific

expression to 18S signal was defined as relative expression.

PCR controls were performed in the absence of added

reverse transcriptase to ensure RNA samples were free of

DNA contamination. Primers for specific amplification of

each cDNA were designed using the Primer Express soft-

ware (Applied Biosystems), taking into account criteria

such as product length (around 500 bp), optimal PCR

annealing temperature, and likelihood of primer self-

annealing (Table 2).

Fatty Acid Analysis

Seed samples collected at the six different development

stages were frozen in liquid N2, stored at -80 �C and then

Table 1 Classification of 6 different stages of the developing seeds. The numbers indicate days after flowering (DAF) and single seed fresh

weight (wt), DAF/seed (wt)

Species Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

Vernonia (mg) 10 17 24 31 38 45

\1.9 2.0–2.7 2.8–3.3 3.4–4.4 4.5–5.5 5.3–4.9

Stokesia (mg) 14 21 28 35 42 49

2–3 3.5–4.5 5.5–7.5 8.5–11.5 10.0–9.0 8.6–7.0

Euphorbia (mg) 12 19 26 33 40 47

\6.0 7.0–10.0 11.0–14.0 14–15.0 15.5–16.0 15.5–14.0

Castor (mg) 10 20 30 40 50 60

\0.20 0.25–0.35 0.4–0.45 0.5–0.6 0.65–7.5 0.8–1.0

Soybean (mg) 12 25 35 45 55 65

30–70 100–150 200–250 300–350 400–480 360–300

Arabidopsis (mg) 6 9 12 15 18 21

For Arabidopsis, the seed weight was not measured

Lipids (2010) 45:145–157 147
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lyophilized. Weighed samples were transferred the samples

to glass test tubes containing 0.5 mL of sodium methoxide

after addition of tri-heptadecanoin (tri-17:0) (25 lg/mg in

chloroform) as a standard. The seed samples were finely

ground and the samples incubated for at least 15 min with

shaking. 0.5 mL of isooctane containing 0.001% BHT was

added to each tube and mixed well. Phase separation was

obtained with centrifugation. The top layer was extracted

and transferred into GC auto-sampler vials. The fatty acid

methyl esters were analyzed with gas chromatography on a

Varian CP-3800 GC with a 24 m 9 0.25 mm ID CP-Select

CB for FAME (http://www.varianinc.com/cgi-bin/nav?products/

consum/gccolumns/select/selfame&cid=KLOJINIPFP) fused

silica column with a 0.25 lm film thickness. The tempera-

ture program was 90 �C for 1 min., then to 155 �C at 20

�C/min. with no hold, then to 175 �C at 3.6 �C/min. with no

hold and finally to 250 �C at 12 �C/min. holding for one min.

The areas for each fatty acid including tri-17:0 standard was

collected and then used to calculate total oil content (lg/mg)

and each fatty acid level (% total fatty acids).

Results

Expression of DGAT1, DGAT2 and PDAT in Different

Plant Tissues

To obtain information about the expression patterns of

DGAT1, DGAT2 and PDAT genes through a range of tissue

types, total RNA was isolated from root, stem, leaf, young

developing embryos (between stage 2 and 3) and early

maturing seeds (between stage 3 and 4). Northern blot was

performed using the conserved regions of Arabidopsis

DGAT1, DGAT2 and PDAT cDNA as probes. All three

genes were highly expressed in young developing embryos

and/or early maturing seeds from the tested epoxy and

hydroxy fatty acid accumulating plant species (Vernonia

galamensis, Euphorbia lagascae, Stokesia laevis and cas-

tor) although they showed variable expression in root, stem

and leaf tissues (Fig. 1a–d). For soybeans (Fig. 1e), a

common oil crop, stronger expression of DGAT1 was found

in developing seeds (between stage 2 and 4) compared to

the level in other tissues. The weak expression of DGAT2

and PDAT was present in stem, leaf and young developing

embryos (between stage 2 and 3). No DGAT2 and PDAT

transcript was detected in roots, and only trace signals were

found in the late maturing seeds (between stage 3 and 4). In

Arabidopsis (Fig. 1f), a model plant, both DGAT1 and

PDAT were clearly expressed in all tissues tested, although

their levels were slightly higher in young developing seeds

Table 2 Sets of real-time RT–PCR primers used to amplify gene-

specific regions

Gene Primer Sequence (50–30)

Arabidopsis

AtDGAT1 Sense TTGGCCGCTTTTCATGTG

Antisense GCAGTAGAACATGCAGAGCC

AtDGAT2 Sense GTCTTTGGTTATGAACCAC

Antisense TATTGGTTTACCAACGAC

AtPDAT Sense GGGCTCGAGCTTTGGGAAGG

Antisense GCAACAGCTTTTGGAACACC

18 sRNA Sense CGGCTACCACATCCAAGGAA

Antisense GCTGGAATTACCGCGGCT

Castor (Ricinus communis)

RcDGAT1
(AY366496)

Sense TGTTAACAGCAGGCTCATCATT

Antisense CCATACAAGCAAGTTCCATCAA

RcDGAT2
(EU391592)

Sense TTTGGTTATGAGCCACATTCAG

Antisense CAAGGGTTTACCCATCTCCATA

RcPDAT1A
[70]

Sense GACATCAGTGTGCTGATGGTTT

Antisense TGCTCAAACTTTGGTCCCTAAT

R S L YE ME R S L YE ME

B

C

D

E

F

DGAT1

DGAT2
PDAT

rRNA

DGAT1

DGAT2
PDAT

rRNA

1

DGAT1

DGAT2
PDAT

rRNA

DGAT1

A

2

2

DGAT1

AT

DGAT1AT1

Fig. 1 Northern blot analysis of DGAT1, DGAT2 and PDAT
expression in different tissues of plants. Total RNA was extracted

from root (R), stem (S), leaf (L), young developing embryo (YE) and

early maturing seed (ME). Total RNA (15 lg) was loaded for

Northern blot and hybridized separately to the DIG-labeled cDNA

probes of DGAT1, DGAT2 and PDAT. Ethidium bromide staining

(lowest panel) is shown for equalized loading. The figure shows

results typical of those obtained in three independent experiments.

a Vernonia galamensis, b Euphorbia lagascae, c Stokesia laevis,

d Castor (Ricinus communis), e Soybean (Glycine max) (cv. Jack),

f Arabidopsis thaliana. In a, the same membrane was used for the

blotting (exposure for 5–5 min 15 s), and the same was in b. In

d, DGAT1 and PDAT blots were performed using the same

membrane (exposure for 5 min 30 s), and DGAT2 using another

membrane (exposed for 5 min). In e, the same membrane was used

for DGAT2 (exposure for 5 min 30 s) and PDAT (exposure for

6 min), but another membrane for DGAT1 (exposure for 5 min). In

f, a membrane was used for DGAT1 (5 min exposure), and another

membrane for both DGAT2 and PDAT (5 min 20 s exposure)
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(between stage 2 and 3). The level of DGAT2 mRNA was

less in seeds than in other tissues.

Temporal Expression Patterns of DGAT1, DGAT2

and PDAT Transcripts During Seed Development

The RNA blots above show that DGAT1, DGAT2 and

PDAT are highly expressed in the young developing seeds

of the tested plants, except for the weak expression of

DGAT2 in the seeds of soybean and Arabidopsis. To

determine the relative transcript abundance of these three

genes during seed development stages and maturation,

relative mRNA expression patterns of these three genes

were investigated by quantitative real-time PCR. RNA

samples were extracted from seeds at six different

developmental stages (stage 1–6) and gene-specific primers

were designed to amplify the conserved region (about

400–500 bp) for each gene.

As shown in Fig. 2, the mRNAs of DGAT1, DGAT2 and

PDAT accumulated basically in a coordinated manner

during seed development of Vernonia galamensis,

Euphorbia lagascae, Stokesia laevis and castor. Their

transcripts were clearly detectable at an early embryonic

phase (stage 2), increased to a maximum at late embryonic

phase (stage 3) or early seed maturing phase (stage 4), and

declined thereafter, suggesting that the mRNAs have sim-

ilar stabilities and kinetics of synthesis. Furthermore, the

transcript levels were different from each other at their

peaks (Fig. 2a–d). The DGAT1 expression level was sim-

ilar to that of PDAT, and both of them were approximately

two to threefold higher than DGAT2. These findings sug-

gest that the increased expression of these three genes at

late embryonic phase and early seed maturing stage might

functionally contribute to seed oil accumulation in these

high epoxy or hydroxy source plants. These gene expres-

sion studies were repeated with gene specific primers for
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Fig. 2 Expression patterns of

DGAT1, 2 and PDAT transcripts

during seed development.

Expression levels were

normalized with respect to the

internal control 18 s RNA. Data
bars represent the mean ± STD

level of relative transcript

abundance from five

experiments with independent

RNA extractions. a Vernonia
galamensis, b Euphorbia
lagascae, c Stokesia laevis,

d. Castor, e. Soybean (cv. Jack),

f. Arabidopsis thaliana
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DGAT1, DGAT2 and PDAT in castor (Fig. 4) and DGAT1

and DGAT2 in Vernonia [68] and the same expression

patterns were seen as reported in this manuscript.

However, only the DGAT1 transcript accumulated to

high levels with a peak at stage 4 in soybean developing

seeds (Fig. 2e), while the transcripts of PDAT and DGAT2

were present at very low levels throughout seed develop-

ment. For Arabidopsis (Fig. 2f), the mRNA accumulation

of DGAT1 reached its maximum at stage 4 while the PDAT

transcripts peaked at stage 2. DGAT1 expression was three-

to four-folds higher than that of PDAT in seed develop-

ment. Again, DGAT2 expression was very low during seed

development.

Taken together, DGAT1 had the highest transcript level

of these three genes in all tested plant seed development.

PDAT and DGAT2 transcripts are present at much higher

levels in epoxy and hydroxy accumulating plants than in

soybean and Arabidopsis.

Developmental Changes in Seed Oil Content

For the purpose of examining the time course of oil

accumulation during developing and maturing seeds, the

total oil content and fatty acid composition at each stage was

determined. As shown in Fig. 3, total oil content (lg/mg)

started to increase at stage 3, and reached its peak at stage 6

in the seeds of Vernonia (Fig. 3a), Stokesia (Fig. 3b),

Euphorbia (Fig. 3c) and castor (Fig. 3d). The maxi-

mum rate of oil accumulation occurred from stage 4 to

stage 5 or from stage 3 to stage 4; after that, oil

accumulation slowed.

In soybean seed (Fig. 3e), oil accumulation increased at

the most rapid rate between stage 2 (25 DAF) and stage 4

(45 DAF), which was followed by a slow increase through

stage 6 (65 DAF). Similarly, the rate of oil synthesis began

to increase at stage 2 (9 DAF), peaked from stage 3 (12

DAF) to stage 4 (15 DAF), and then gradually declined in

Arabidopsis seed development (Fig. 3f).

Fatty Acid Profiles Through Seed Development

The fatty acid of particular interest is vernolic acid for

Stokesia, Vernonia and Euphorbia, and ricinoleic acid for

castor. To understand how the accumulation of these

unusual fatty acids is regulated in seeds, we measured fatty

acid profiles at each stage of seed development using

soybean and Arabidopsis for comparison.

Fatty acid profiles were determined for each stage of the

developing seeds. Like total oil content, the unusual fatty

acid levels also began to elevate sharply from stage 4 to

stage 5 or from stage 3 to stage 4, and approached its

maximum level at stage 6, whereas the relative amounts of

common fatty acids such as 16:0, 18:1 and 18:2 were

reduced after stage 3 in the seed development of these

source plants (Fig. 3a1, b1, c1, d1).

Following seed development (Fig. 3e1), 18:2, a major

fatty acid in soybean seed oil, began to increase from stage

2 though stage 6 at a stable rate while other fatty acids

exhibited no dramatic changes, except for 18:3 which

decreased. In Arabidopsis (Fig. 3f1), 18:1 and 18:2 levels

increased by the same pattern with the maximum rate

between stage 3 and stage 4. However, levels of other

fatty acids declined throughout seed development and

maturation.

Coordinate Expression of DGAT1, 2 and PDAT

is Consistent with High Epoxy and Hydroxy Fatty Acid

Accumulation in Seeds

In this study, we investigated whether the developmental

regulation of DGAT1, DGAT2 and PDAT expression had

functions in the accumulation of oil and target fatty acids

of the source plants which contain high levels of unusual

fatty acids in seed oil. In Fig 2, it is clearly seen that the

three genes were concomitantly expressed throughout the

seed development of Vernonia, Stokesia, Euphorbia and

castor, with the highest rate of expression between stage 2

and 3. As shown in Fig 3, the temporal patterns of total oil

content were basically consistent with the accumulation

patterns of the target fatty acids in the source plant seeds.

Their maximum rate of increase in vivo was between

stages 3 and 5 in seed development. In comparison of

patterns of the mRNA levels and oil/fatty acid accumula-

tion, it was found that the maximum expression rate of the

three genes was in close parallel to the maximum increased

rate of oil and target fatty acid accumulation in the seed

development, although the former was one or two devel-

opmental stage ahead of the latter. It is understood that

accumulation of the transcripts precedes accumulation of

the enzymes and enzymatic products. However, only the

DGAT1 transcript was largely increased during the active

period of TAG and major fatty acid accumulation in the

seeds of soybeans and Arabidopsis (Figs. 2, 3). A rela-

tionship between oil accumulation and DGAT2 and PDAT

function in soybean seeds is unlikely, because these two

genes are expressed at low levels at stages of high oil

synthesis. In Arabidopsis seeds, DGAT2 also exhibited

weak expression. The PDAT transcript peaked at an early

stage (DAF 9), and was much lower than the maximum

DGAT1 level, suggesting that PDAT expression is not

closely related to oil accumulation during Arabidopsis seed

development.

Overall, the present data indicate that DGAT1, DGAT2

and PDAT all show expression patterns consistent with

roles in oil accumulation in high epoxy or hydroxy fatty

acid accumulators.
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Discussion

Triacylglycerols (TAGs) are quantitatively the most

important storage form of energy for eukaryotic cells.

During the past few years, the biosynthesis of TAG has

received much attention. To date, three independent gene

families, DGAT1, DGAT2 and PDAT have been described

and encode unique proteins with the capacity to form TAG,

and all three genes are present in the genomes of eukary-

otes [16, 17, 20, 22, 23, 31, 32]. It has also been reported

that these three genes could contribute to oil accumulation

in plant seeds [33, 34]. However, it is still unclear how they

determine the final TAG accumulation in seeds.

DGAT1 has been quite extensively studied in Arabid-

opsis. Two mutants, AS11 [13, 35, 36] and ABX45 [12]

have been analyzed, and these studies show that a
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Fig. 3 Oil content and fatty acid profiles during seed development.

Fatty acid compositions and total contents in developing seed were

performed as described in the materials and methods. Data represent

mean values of five independent experiments, and error bars indicate

STD. a, a1 Vernonia galamensis, b, b1 Euphorbia lagascae, c, c1
Stokesia laevis, d, d1 Castor, e, e1 soybean (cv. Jack), f, f1
Arabidopsis thaliana
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dysfunctional DGAT1 protein results in a decrease in

stored TAG and a modified TAG fatty acid profile. Seed-

specific over-expression of an Arabidopsis DGAT1 gene

enhances oil deposition and average seed weight, sug-

gesting that DGAT1 catalyzes a rate-limiting step in TAG

biosynthesis [35]. These results provide strong evidence

that DGAT1 is an important enzyme in catalyzing TAG

formation in plant seeds. However, the seeds of these two

mutants still synthesize TAGs at 55–75% of the normal

level, indicating that other enzymes also contribute to TAG

accumulation in Arabidopsis seeds [12, 20, 31, 37].

Research on other oil plants also indicates an important

role of DGAT1 for oil synthesis and accumulation in seeds.

It is found that the critical stage for castor oil biosynthesis

is between 19 DAP and 26 DAP, where castor DGAT1

(RcDGAT) protein and activity significantly increases. The

close correlation between profiles of RcDGAT activity and

oil accumulation is consistent with a role of RcDGAT in

castor oil biosynthesis [38, 39]. Kroon et al. [24] indicate

this is apparently mainly due to DGAT2. High expression

of DGAT1 is reported during development of oilseed rape

(Brassica napus) seeds [16]. A tight correlation between

0

50

100

150

200

250

300

350

400

0

5

10

15

20

25

30

35

40

45

50
16:0 18:0
18:1 18:2
18:3 20:1

0

50

100

150

200

250

0

10

20

30

40

50

60

70

1 2 3 4 5 6 1 2 3 4 5 6

16:0 18:0

18:1 18:2

18:3

0

100

200

300

400

600

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

1 2 3 4 5 6

16:0 18:0
18:1 18:2
18:3 Ra

E

F

D1

E1

F1

1 2 3 4 5 1 2 3 4 5 66

16:0 18:0
18:1 18:2
18:3 20:1

16:0 18:0

18:1 18:2

18:3

0

500

16:0 18:0
18:1 18:2
18:3 Ra

D

O
il 

co
n

te
n

t 
(µ

g
/m

g
)

O
il 

co
n

te
n

t 
(µ

g
/m

g
)

O
il 

co
n

te
n

t 
(µ

g
/m

g
)

%
 o

f t
ot

al
 fa

tt
y 

ac
id

s
%

 o
f t

ot
al

 fa
tt

y 
ac

id
s

%
 o

f t
ot

al
 fa

tt
y 

ac
id

s

Seed development  stages Seed development stages

Fig. 3 continued

152 Lipids (2010) 45:145–157

123



DGAT activity and oil deposition is also reported by other

groups [40, 41]. By silencing the expression of DGAT1 in

tobacco, Zhang et al. [42] found that the expression level of

DGAT1 is correlated with oil content in the seeds, and

reduction of DGAT1 transcript also results in decreased

seed weight. In addition, the seeds with DGAT1 silenced

still accumulate some TAG.

During soybean (cv. Amsoy 71) seed development, the

rate of lipid biosynthesis was reported to increase markedly

between 15 and 45 DAF [43] or from 20 to 50 DAF [44].

Our data show that the period of highest oil accumulation

in soybean cv ‘Jack’ grown under the conditions stated in

the materials and methods is between 25 and 45 DAF

(Fig 3e, e1), a period where DGAT1 transcript levels were

maximal (Fig 2e). For Arabidopsis, the rate of oil synthesis

peaked at 9–15 DAF (Fig. 3f, f1), and the highest level of

DGAT1 transcript occurs at this period of seed develop-

ment (Fig. 2f). It has previously been reported that oil is

synthesized at maximum rates between 7 and 13 DAF [45],

and that the DGAT1 protein peaks at 7–9 DAF during

Arabidopsis embryo development [46]. Moreover, our

current data also shows that DGAT1 transcript levels

accumulate to a higher level than DGAT2 and PDAT, and

the peak of the DGAT1 transcript level is consistent with

the maximum increase of oil and fatty acid accumulation

during seed development of Vernonia, Euphorbia, Stoke-

sia, castor, soybeans and Arabidopsis.

Many of the more than 300 naturally occurring unusual

fatty acids that have been described in seeds to date have

high-valued properties for industrial utilization. The main

component of seed oil in Vernonia galamensis, Crepis

palaestina, Euphorbia lagascae and Stokesia laevis is the

epoxy fatty acid vernolic acid whereas a hydroxy fatty

acid, ricinoleic acid, is the major component in castor seed

oil. The accumulation of unusual fatty acids in TAG can be

divided into two major steps. First is the insertion of the

functional group into the acyl chain, followed by the

incorporation of the unusual fatty acid into TAG. In unu-

sual fatty acid accumulating plants, these fatty acids are

found almost exclusively in TAG and are excluded from

membrane lipids, most likely because they are deleterious

to membrane function [47]. Therefore, at least two

enzymes are needed for these unusual fatty acids to accu-

mulate in seed oil. One is for the synthesis of the unusual

fatty acid and others are for specifically incorporating the

unusual fatty acid into TAG. Several genes have been

identified that code for enzymes involved in the synthesis

of some unusual fatty acids [48]. For example, epoxygen-

ase genes responsible for epoxidizing linoleic acid have

been cloned from several accumulators of vernolic acid

[49–52]. However, transgenically expressing these syn-

thesis enzymes only result in low levels of the unusual fatty

acid accumulation in seed oil [50, 52–55]. Low-level

accumulation of unusual fatty acids in transgenic plants

may be from the failure to efficiently incorporate them into

TAGs, leading to their rapid degradation through the

b-oxidation cycle [56–58]. These findings suggest that

besides the synthesis enzyme, the enzymes catalyzing the

final acylation step of TAG synthesis such as DGAT1,

DGAT2 and PDAT might be other major contributors for

selective accumulation of unusual fatty acids in native

plant seed oil.

PDAT activity has been identified in microsomal prep-

arations from castor and Crepis palaestina plants [20]. It is

proposed that PDAT is involved in the transfer of the

oxygenated acyl groups from phospholipids into TAGs.

Stahl et al. [22] demonstrated that Arabidopsis PDAT

(AtPDAT, At5g13640) utilized different phospholipids as

acyl donor and accepted acyl groups ranging from C10 to

C22. AtPDAT exhibited highest activity for acyl groups

containing several double bonds, epoxy, or hydroxyl

groups. AtPDAT has similar acyl specificity for vernoloyl

and ricinoleoyl groups as the PDAT activity assayed in the

microsomal preparations from developing castor endo-

sperm, indicating that the plant PDAT acyl specificities are

general and not limited to plants producing unusual fatty

acids. Furthermore, the transformants over-expressing

AtPDAT cDNA had tenfold higher PDAT activity than the

wild type, and did not have any alteration in fatty acid

composition in either vegetative parts or in the oil accu-

mulating seeds. Expression of PDATs from other plants

may show specificity not seen with this Arabidopsis PDAT.

Mhaske et al.’s [23] work on a knockout mutant of Ara-

bidopsis in the PDAT gene (locus At5g13640) shows that

this knockout has no effect on either the fatty acid content

or composition of seed. PDAT activity encoded by this

gene is not a major determinant of TAG synthesis in

Arabidopsis seeds. This is contrary to the situation in yeast

where PDAT is a major contributor to TAG accumulation

in exponential growth phase [59]. Stahl et al. [22] reported

that Arabidopsis has six ORFs with significant homology to

either lecithin: cholesterol acyltransferase (LCAT) or

ScPDAT. They demonstrated that At5g13640 has PDAT

activity but At3g44830 is mainly expressed in developing

seeds. This has lead Stahl et al. (2004) to hypothesize that

At3g44830 has a specific role in TAG deposition in

developing seeds but confirmation of this awaits further

experimentation.

Several DGAT2 genes have been recently cloned and

characterized from animal [32], fungi [31] and plants

[19, 31]. In yeast, the DGAT2 enzyme is dominant in the

stationary growth phase when the yeast is storing significant

amounts of TAG [59, 60]. In animals, the temporal-spatial

expression of the DGAT2 gene is different from DGAT1,

and therefore has different physiological functions in vivo

[61–63]. Recent experiments indicate a particularly
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important role for DGAT2 expression and conjugated and

hydroxy fatty acid accumulation in seed oil and that DGAT2

can function different from DGAT1 in plants [24–26].

In our present study, the expression pattern of DGAT2

was consistent with a role in the accumulation of oil and

epoxy or hydroxy fatty acids during seed development.

Only very low levels of DGAT2 transcript were detected in

soybean and Arabidopsis developing seeds, suggesting a

correspondingly small role (if any) in TAG synthesis.

Similarly, PDAT expression in developing seeds is high for

epoxy and hydroxy fatty acid accumulating plants and

weak for soybean and Arabidopsis. The PDAT expression

data in this study also suggest that PDAT might play an

important role in epoxy and hydroxyl fatty acid accumu-

lation, which is consistent with the results obtained in the

functional analysis of PDAT from castor and Crepis pal-

aestina plants [20].

The primary role of DGAT1, DGAT2 and PDAT is to

catalyze the final step of storage TAG synthesis. It is

expected that these three genes would mainly be expressed

in developing seeds of oil plants. However, it has been

suggested that their expression is not restricted to the

embryos. DGAT activity has been found in spinach leaves

[64] and germinating soybean cotyledons [65]. DGAT1

transcripts have been detected in many tissues in Arabid-

opsis including developing siliques, flowers, germinating

seeds and young seedlings [13]. Using RNA gel blot

analysis, Hobbs et al. [16] detected low levels of DGAT1

expression in leaves and stems as well as its strong

expression in embryos and flowers in Brassica napus. In

Arabidopsis seedlings, DGAT1 is expressed in shoot and

root apical regions, correlating with rapid cell division and

growth [46]. In addition, DGAT1 gene expression is up-

regulated by glucose and associated with glucose-induced

changes in seedling development [46]. DGAT1 transcripts

are expressed in different tobacco tissues including leaves,

stems, roots, petals and developing seeds [42]. Roles in

fatty acid mobilization and senescence in leaves have also

been reported [66, 67]. These observations suggest that the

DGAT1 gene may also be involved in physiological

activities other than its ‘‘classical’’ role for storage fatty

acid accumulation in plants or TAG synthesis occurs at

least transiently in many plant tissues.

The AtPDAT (At5g13640) gene is also found to express

in leaves, root, flowers and developing seeds of Arabid-

opsis [22]. Some PDATs may possibly play a general

protective role by removing oxidized fatty acids from

phospholipids, or function in the removal of DAG, a

product of the phosphatidylinositol signaling pathway [23].

Preliminary information on DGAT2 expression in plant

tissues is just emerging. In animals extensive information

on its expression in different types of cells and tissues has

already been reported.[24–26, 61, 62, 68].

Our data provide evidence that DGAT1, DGAT2 and

PDAT expression in leaves, stems and roots as well as in

developing seeds is different between unusual and normal

fatty acid accumulating oilseeds. Consistent with previous

knowledge, our results also suggest that DGAT1, DGAT2

and PDAT genes might be involved in other physiological

activities of plants.

It should be noted that Arabidopsis genome contains

only one DGAT1 [15], one DGAT2 (NM_115011) and six

PDATs [21]. The other species tested here may contain one

or multiple isoforms for each of the three classes of genes.

We previously isolated two DGAT1 cDNA clones from

Vernonia (EF653277 and EF653276) [69] and soybean

(AF257589 and AF257590). We also cloned one full-

length cDNA of Vernonia DGAT2 (FJ652577). It was

reported that the castor genome contains one DGAT1 [37],

one DGAT2 [23] and two PDATs [70]. In the present study,

the conserved region of each gene family was used for the

probe and primer design, which allows detection of the

expression levels of each gene family or at least one iso-

form expression (if one more isoforms present in the

genome). The three gene expression patterns in Arabid-

opsis and DGTA1 expression pattern in castor obtained by

this study are in agreement with the previous reports [15,

21, 23, 34, 45], indicating our experiments provide useful

information on expression of TAG biosynthetic genes in

these plants although the primers are heterologous for some

plants tested here. In castor seeds, our data shows DGAT1

expression is higher than DGAT2, whereas DGAT2 level is

higher than DGAT1 reported by Kroon et al. [23]. This

discrepancy might be due to differences in castor genotype

and sampling. Interestingly, compared to DGAT2 expres-

sions in soybean and Arabidopsis, we concluded DGAT2 is

important for unusual fatty acid accumulation that is con-

sistent with their conclusion, supported by transgenic

experiments in Arabidopsis [25]. We also characterized

DGAT1 and DGAT2 cDNA clones [69] and conducted the

transgenic experiments [71], which confirms the suggestion

from this study that both DGATs function in unusual fatty

acid accumulation in Vernonia seeds. Further QPCR was

also performed with castor gene specific primers for

DGAT1, DGAT2 and PDAT (Fig. 4) and Vernonia DGAT1

and DGAT2 specific primers in Li et al. [68] and the same

expression patterns were seen as reported in this

manuscript.

Developing an understanding of the control of TAG

synthesis in seeds and how plants can accumulate high

levels of certain fatty acids (particularly unusual fatty

acids) in seed oil is a significant challenge if yields are to

be increased and unusual fatty acids are to be engineered

for high production in common oilseed plants. The present

study was carried out with the aim of investigating DGAT1,

DGAT and PDAT transcript levels in relation to the
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accumulation of oil and epoxy and hydroxy fatty acids in

developing seeds of Vernonia galamensis, Euphorbia

lagascae, Stokesia and castor in comparison with soybean

and Arabidopsis. For all plants examined, DGAT1 appears

to be a major enzyme gene for seed oil accumulation. For

the epoxy and hydroxy fatty acid accumulating plants,

PDAT and DGAT2 also appear to play significant roles in

the selective accumulation of these unusual fatty acids in

the seed oil. We provide the first evidence that DGAT2 is

expressed in different tissues including developing seeds of

the tested plants. Consistent with other reports, PDAT and

DGAT1 are found to be expressed in different plant tissues.
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Abstract Facile syntheses of the monounsaturated

omega-3 fatty acids, (Z)-15-octadecenoic acid and (Z)-16-

nonadecenoic acid, are presented. Commercially available

hydroxy fatty acids were esterified and oxidised, followed

by the Wittig reaction to introduce the omega-3 olefinic

bond; hydrolysis yielded the omega-3 fatty acids in high

purity. An examination of different reaction conditions for

the Wittig step found that THF as solvent and coupling

temperatures of -78 �C gave optimal stereoselectivity,

affording the omega-3 olefins in Z:E ratios C97:3. The

syntheses have overall yields of *43%, and utilise

straightforward, robust chemistry, that may be readily

scaled up and reproduced. Also presented is a method

for accurately determining the double bond geometry

and isomeric purity of the fatty acid products using
1H–13C-HSQC NMR and GC–MS, respectively.

Keywords Omega-3 � Fatty acid � Wittig reaction �
Stereoselectivity

Abbreviations

DCM Dichloromethane

DMF N,N-dimethylformamide

FAME Fatty acid methyl ester

NaN(TMS)2 Sodium bis(trimethylsilyl)amide

PCC Pyridinium chlorochromate

PUFA Polyunsaturated fatty acid

THF Tetrahydrofuran

Introduction

Omega-3 polyunsaturated fatty acids (PUFAs) have been

the subject of intense recent interest because their benefi-

cial actions in cells and in vivo are biologically distinct

from those of their omega-6 counterparts. Thus, omega-3

fatty acids possess anti-inflammatory and anti-cancer

effects, and have also been shown to inhibit platelet

aggregation, promote neuronal cell survival, increase

membrane fluidity and to modulate the expression of genes

that regulate lipid metabolism [1]. Populations with a high

intake of omega-6 PUFAs exhibit an increased risk of

breast, colon and prostate cancer, compared to those with a

high consumption of omega-3-containing oils [2–5].

Moreover, in vivo and in vitro studies have shown that

omega-6 PUFAs stimulate carcinogenesis and tumour

growth and metastasis, while omega-3 PUFAs repress

tumourigenesis [2, 6, 7]. PUFAs undergo biotransformation

to eicosanoid derivatives catalysed by cyclooxygenase,

lipoxygenase and cytochrome P450 enzymes; these eico-

sanoids mediate many of the cellular effects of PUFAs

[8, 9]. Because omega-3 and omega-6 PUFAs give rise to

parallel series of eicosanoids with differing potency, the

omega-3 olefinic bond is strongly implicated in the

beneficial properties of the parent omega-3 PUFAs.

Most studies of the biological effects of omega-3 fatty

acids have focussed on naturally occurring PUFAs, such as

a-linolenic acid and eicosapentaenoic acid. However, the
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assignment of particular cellular actions to the omega-3

bond is confounded by possible interference from other

double bonds in these molecules. Indeed, with the excep-

tion of the omega-3 double bond, the olefinic bonds in

eicosapentaenoic acid are analogous to those in the major

omega-6 PUFA arachidonic acid. Surprisingly, there has

been little work done to date on the synthesis of mono-

unsaturated omega-3 fatty acids, which may serve as

probes to clarify some of the biological properties of the

omega-3 double bond.

Syntheses of the monounsaturated omega-3 fatty acid

(Z)-15-octadecenoic acid (1) (Fig. 1) have been reported.

Klok et al. [10] reported a seven step synthesis starting

from 1,12-dodecanediol, in which hydrogenation of 15-

octadecynoic acid is used to prepare the omega-3 bond. An

alternative eleven step synthesis has been reported by

Gunstone et al. [11], starting from undec-10-enoic acid. In

the present article, we describe a four step synthesis of (Z)-

15-octadecenoic acid (1), as well as (Z)-16-nonadecenoic

acid (2), in high isomeric purity. The synthetic procedure

employs straightforward, robust, quick and inexpensive

reactions, and may be readily scaled up. 1 occurs naturally

and has been detected in, but not isolated from, animal

products including beef [12], pork [13], cows milk and

butter [14], and in human blood [15] and human milk

[16, 17]. As well as being useful probes for studying the

properties of the omega-3 double bond in fatty acids of

naturally and non-naturally occurring chain lengths,

these compounds may permit the convenient synthesis of

metabolites, such as epoxides derived from reactions of the

omega-3 bond. The preparation of corresponding metabo-

lites from polyunsaturated fatty acids leads to complex

mixtures that require extensive purification [18].

Experimental Procedures

Instrumentation

Preparative liquid chromatography was performed using

Dry Column Vacuum Chromatography (DCVC) with Merck

Silica Gel 60H (5–25 lm) as the stationary phase. A 70-mm

(ID) column was used, and 50-mL fractions were collected.

TLC was carried out on Merck silica gel 60 F254 TLC plates.
1H-NMR (400 MHz), 13C-NMR (100.5 MHz), and 1H–13C-

HSQC-NMR spectra were recorded using a Varian 400-MR

instrument. Spectra were referenced internally to NMR

solvent (CDCl3; 1H d 7.26 ppm, 13C d 77.10 ppm). High

Resolution Mass Spectra (HRMS) were obtained by the

Mass Spectrometry Unit at the School of Chemistry, The

University of Sydney, on a Bruker 7T Fourier Transform Ion

Cyclotron Resonance Mass Spectrometer. Melting points

were measured on a Stuart SMP10 melting point apparatus.

GC–MS was performed on a PolarisQ GC–MS–MS ion

trap mass spectrometer coupled to a Trace GC, which was

fitted with a ZB Wax column (30 m 9 0.25 mm 9

0.25 lm). Automated injections were performed on an

AS2000 Autosampler. The injection port temperature was

190 �C and 1.0-lL injections were made in splitless mode,

with the split valve opened after 1 min. Helium was used

as carrier gas, at a flow rate of 1 mL/min. The GC oven

temperature was programmed as follows: initial tempera-

ture of 100 �C for 2.5 min, then ramped at 5 �C/min to

280 �C, and held for 6.5 min giving a total run time of

45 min. Eluted compounds were subjected to methane

chemical ionisation and detection was made in full scan

mode scanning the MS from 100 to 600 amu in 2 ls.

Compounds 1 and 2 were converted to their methyl esters

using acetyl chloride/methanol prior to GC–MS analysis.

Chemicals

The following were purchased from the indicated com-

mercial suppliers and were used as received: 15-hydroxy-

pentadecanoic acid (97%), 16-hydroxyhexadecanoic acid

(98%), 1 M sodium bis(trimethylsilyl)amide in THF,

n-propyltriphenylphosphonium bromide, anhydrous THF

and acetyl chloride (Aldrich, Castle Hill, NSW, Australia);

pyridinium chlorochromate (PCC) and iodomethane

(Fluka, Castle Hill, NSW, Australia), and potassium

carbonate and sodium hydroxide (Ajax Finechem, Taren

Point, NSW, Australia).

General Procedure for the Synthesis of the Methyl

Esters 5 and 6

To a solution of the hydroxy fatty acid (3 or 4, 7.87 mmol)

in acetone (160 mL) was added water (8 mL), potassium

carbonate (23.60 mmol) and iodomethane (39.33 mmol).

The resulting mixture was refluxed for 4 h, and then con-

centrated in vacuo. The residue was dissolved in water

(60 mL), and the solution was acidified with 1 M HCl. The

aqueous phase was extracted with DCM (3 9 60 mL), and

the combined extracts were washed with brine (100 mL),

dried over Na2SO4, and concentrated in vacuo, affording

methyl esters 5 and 6.

1

2

OH

O

OH

O

Fig. 1 The (Z)-monounsaturated omega-3 fatty acids prepared in this

work
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Methyl 15-hydroxypentadecanoate (5)

White solid (72%). m.p. 49–50 �C (lit. m.p. 49.8 �C (19)).

CI–MS: m/z (%): 273 ([M ? H]?, 6), 255 (39), 241 (29),

223 (95), 205 (100), 163 (14), 149 (39), 135 (39), 121 (42),

107 (26). The 1H- and 13C-NMR spectra of the product

were in good agreement with previously reported data [19].

Methyl 16-hydroxyhexadecanoate (6)

White solid (70%). m.p. 53–54 �C (lit. m.p. 54.5–56 �C

(20)). The 1H- and 13C-NMR, and MS spectra of the product

were in good agreement with previously reported data [20].

General Procedure for the Synthesis of Aldehydes 7 and 8

To a suspension of PCC (6.68 mmol) and Celite (1.440 g)

in anhydrous DCM (20 mL) under nitrogen, was slowly

added the methyl ester (5 or 6, 3.93 mmol) in anhydrous

DCM (6 mL). The mixture was stirred for 2 h under

nitrogen, after which diethyl ether (50 mL) was slowly

added. The resulting mixture was stirred for 10 min, and

then filtered over Celite. The Celite was washed with ether

(2 9 20 mL), and the filtrate concentrated in vacuo. The

residue was purified on silica gel by stepwise gradient

elution with dichloromethane/hexane (40:60 to 100:0).

Methyl 15-oxopentadecanoate (7)

White solid (86%). m.p. 39–41 �C. CI–MS: m/z (%): 271

([M ? H]?, 8), 239 (36), 221 (68), 203 (100), 175 (11),

161 (21), 147 (39), 133 (40), 121 (46), 107 (28). The
1H- and 13C-NMR spectra of the product were in good

agreement with previously reported data [21, 22].

Methyl 16-oxohexadecanoate (8)

White solid (78%). m.p. 41–43 �C. 1H NMR (400 MHz,

CDCl3): d 9.76 (t, JHH = 2.0 Hz, 1H, CHO), 3.67 (s, 3H,

CH3O), 2.42 (td, JHH = 7.6, 2.0 Hz, 2H, CHOCH2), 2.30

(t, JHH = 7.2 Hz, 2H, CH2COO), 1.66–1.58 (m, 4H,

CH2CH2COO and CH2CH2CHO), 1.36–1.24 (m, 20H,

CH2). CI–MS: m/z (%): 285 ([M ? H]?, 8), 253 (52), 235

(96), 217 (100), 175 (16), 151 (16), 147 (34), 135 (43), 121

(47), 107 (24). The 13C-NMR spectrum of the product was

in good agreement with previously reported data for a

crude product [23].

General Procedure for the Synthesis of Omega-3 Fatty

Acid Methyl Esters 9 and 10

To a suspension of n-propyltriphenylphosphonium bromide

(7.07 mmol) in anhydrous THF (10 mL) at 0 �C under a

nitrogen atmosphere, was added NaN(TMS)2 (1.0 M in

THF, 6.43 mmol). The resulting orange mixture was stirred

for 40 min at room temperature. The mixture was then

cooled to -78 �C, and the aldehyde (7 or 8, 3.21 mmol) in

THF (5 mL) was added dropwise by syringe. Stirring at

-78 �C was continued for 30 min after which the reaction

mixture was allowed to warm to room temperature. After

further stirring for 2 h the reaction was quenched with

saturated aqueous NH4Cl (20 mL), and extracted with

DCM (3 9 40 mL). The combined extracts were dried

over Na2SO4, and the DCM removed in vacuo. The residue

was purified on silica gel by stepwise gradient elution with

dichloromethane/hexane (20:80 to 50:50).

Methyl (Z)-15-octadecenoate (9)

Colorless oil (80%). 1H NMR (400 MHz, CDCl3): d5.40–5.28

(m, 2H, CHCH), 3.66 (s, 3H, OCH3), 2.30 (t, JHH = 7.6 Hz,

2H, CH2COO), 2.08–1.98 (m, 4H, CH2CHCHCH2), 1.62

(quin, JHH = 7.6 Hz, 2H, CH2CH2COO), 1.38–1.20 (m, 20H,

CH2), 0.95 (t, JHH = 7.6 Hz, 3H, CH3). 13C NMR

(100.5 MHz, CDCl3): d 174.32 (COO), 131.47 (CH), 129.34

(CH), 51.40 (OCH3), 34.10 (CH2COO), 29.77, 29.62 (3C),

29.56, 29.53, 29.43, 29.28, 29.24, 29.14, 27.08 (CHCH2),

24.95 (CH2CH2COO), 20.48 (CHCH2), 14.37 (CH3). CI–MS:

m/z (%): 297 ([M ? H]?, 100), 265 (94), 247 (68), 191 (10),

178 (12), 163 (17), 149 (24), 135 (24), 121 (25), 107 (15).

Rt = 25.43 min. Z:E ratio = 97.0:3.0. HRMS (APCI) calcu-

lated for C18H33O ([M ? H–MeOH]?) 265.25259, found

265.25307.

Methyl (Z)-16-nonadecenoate (10)

Colorless oil (76%). 1H NMR (400 MHz, CDCl3):d5.40–5.28

(m, 2H, CHCH), 3.66 (s, 3H, OCH3), 2.30 (t, JHH = 7.6 Hz,

2H, CH2COO), 2.06–1.98 (m, 4H, CH2CHCHCH2), 1.62

(quin, JHH = 7.2 Hz, 2H, CH2CH2COO), 1.38–1.22 (m, 22H,

CH2), 0.95 (t, JHH = 7.6 Hz, 3H, CH3).
13C NMR

(100.5 MHz, CDCl3): d 174.33 (COO), 131.48 (CH), 129.35

(CH), 51.41 (OCH3), 34.11 (CH2COO), 29.77, 29.65 (2C),

29.62 (2C), 29.58, 29.54, 29.44, 29.29, 29.24, 29.14, 27.09

(CHCH2), 24.95 (CH2CH2COO), 20.49 (CHCH2), 14.38

(CH3). CI–MS: m/z (%): 311 ([M ? H]?, 97), 279 (100), 261

(68), 191 (12), 177 (15), 163 (18), 149 (23), 135 (28), 121 (27),

109 (19). Rt = 26.98 min. Z:E ratio = 98.5:2.5. HRMS

(APCI) calculated for C19H35O ([M ? H–MeOH]?)

279.26824, found 279.26856.

General Procedure for the Synthesis of Omega-3 Fatty

Acids 1 and 2

To a solution of the omega-3 fatty acid methyl ester (9 or

10, 1.66 mmol) in ethanol (25 mL) was added 1.5 M
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NaOH (12 mL). The mixture was heated to 40 �C for

5 min to obtain a clear solution. Stirring was continued at

room temperature for 2 h. The volume of the reaction

mixture was reduced to 20 mL by rotary evaporation, and

the solution was adjusted to pH 3 with 1.0 M HCl. The

white solid was collected by filtration, thoroughly washed

with water, and dried under vacuum to yield the omega-3

fatty acids 1 and 2.

(Z)-15-octadecenoic acid (1)

White solid (96%). m.p. 41–42 �C (lit. m.p. 40.5–41.5 �C

(11)). 1H NMR (400 MHz, CDCl3): d 5.43–5.27 (m, 2H,

CHCH), 2.35 (t, JHH = 7.6 Hz, 2H, CH2COO), 2.08–1.98

(m, 4H, CH2CHCHCH2), 1.63 (quin, JHH = 7.2 Hz, 2H,

CH2CH2COO), 1.38–1.22 (m, 20H, CH2), 0.95 (t, JHH =

7.4 Hz, 3H, CH3). 13C NMR (100.5 MHz, CDCl3): d 179.94

(COO), 131.48 (CH), 129.35 (CH), 34.03 (CH2COO), 29.77,

29.62 (3C), 29.57, 29.54, 29.42, 29.29, 29.23, 29.05, 27.09

(CHCH2), 24.68 (CH2CH2COO), 20.49 (CHCH2), 14.38

(CH3). CI–MS (FAME derivative): m/z (%): 297 ([M ? H]?,

92), 265 (100), 247 (80), 191 (13), 178 (16), 163 (24), 149

(32), 135 (33), 121 (33), 107 (19). Rt (FAME deriva-

tive) = 25.54 min. Z:E ratio = 97.0:3.0. HRMS (ESI) cal-

culated for C18H33O2 ([M–H]-) 281.24751, found 281.24832.

(Z)-16-nonadecenoic acid (2)

White solid (94%). m.p. 52–53 �C. 1H NMR (400 MHz,

CDCl3): d 5.43–5.28 (m, 2H, CHCH), 2.34 (t, JHH = 7.6 Hz,

2H, CH2COO), 2.08–1.96 (m, 4H, CH2CHCHCH2), 1.61

(quin, JHH = 7.2 Hz, 2H, CH2CH2COO), 1.38–1.20 (m,

22H, CH2), 0.95 (t, JHH = 7.6 Hz, 3H, CH3). 13C NMR

(100.5 MHz, CDCl3): d 179.81 (COO), 131.48 (CH), 129.35

(CH), 34.07 (CH2COO), 29.77, 29.65 (2C), 29.63 (2C), 29.58,

29.55, 29.43, 29.29, 29.24, 29.07, 27.09 (CHCH2), 24.70

(CH2CH2COO), 20.49 (CHCH2), 14.38 (CH3). CI–MS

(FAME derivative): m/z (%): 311 ([M ? H]?, 94), 279 (100),

261 (68), 191 (10), 177 (15), 163 (17), 149 (24), 135 (24), 121

(27), 109 (15). Rt (FAME derivative) = 27.24 min. Z:E

ratio = 98.5:2.5. HRMS (ESI) calculated for ([M–H]-)

C19H35O2 295.26316, found 295.26399.

Results and Discussion

Synthesis

The synthesis of compounds 1–2 is shown in Scheme 1. An

important step in the synthesis was the Wittig reaction of

aldehydes 7 and 8 with n-propyltriphenylphosphonium

bromide to form the omega-3 double bond. The Wittig

reaction was selected as there is no ambiguity as to the

positioning of the double bond and, through careful control

of the reaction conditions, high stereoselectivity may be

achieved. This allowed for the preparation of fatty acids in

high isomeric purity, without the need for time-consuming

preparative HPLC purification.

The first step in the synthesis was esterification of

15-hydroxypentadecanoic acid (3) and 16-hydroxyhexa-

decanoic acid (4), which was done to facilitate the purifica-

tion of subsequent compounds by chromatography on silica

gel. Initially, esterification of 3 and 4 was attempted fol-

lowing the Fischer protocol (1 g of 3 or 4, 5 equiv acetyl

chloride, 50 mL methanol). 1H-NMR spectra of the products

isolated after liquid–liquid extraction contained a weak

triplet at 4.05 ppm that was attributed to a methylene ester

group i.e. –COOCH2CH2–, from the product of intermo-

lecular esterification of two hydroxyfatty acid molecules.

Additional resonances attributable to this product were not

observed, possibly because they may be obscured by

the stronger resonances of the target products. The
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Scheme 1 Synthesis of the model (Z)-monounsaturated omega-3

fatty acids. Reaction conditions: a MeI, K2CO3, acetone/water, reflux,

4 h; b PCC, DCM, rt, 2 h; c [Ph3PPr]Br, NaN(TMS)2, THF, -78 �C

to rt, 2.5 h; d NaOH, ethanol/water, rt, 2 h
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intermolecular esterification products could not be removed

by silica gel chromatography. Subsequent attempts using

more dilute reaction conditions (1 g of 3 or 4 in 200 mL of

methanol), which might reduce the rate of intermolecular

esterification, also failed to yield a pure product. Reaction

conditions were therefore sought under which intermolecu-

lar esterification could not occur. Thus, 3 and 4 were ester-

ified using iodomethane, and the triplet attributed to the

intermolecular esterification product was absent from the
1H-NMR spectra of the isolated products. Oxidation of the

thus obtained 5 and 6 with PCC proceeded smoothly,

affording the aldehydes 7 and 8, respectively, in good yield.

With 7 and 8 in hand we set out to prepare the (Z)-

omega-3 double bond. Wittig reactions using amide bases

such as NaN(TMS)2 are reported to yield exclusively the

(Z)-isomer [24–26]. The reaction was initially performed

following a literature procedure [24] (Table 1, entry 2),

however GC–MS and 13C-NMR analysis of the product

isolated from silica chromatography indicated that the

reaction had not proceeded with absolute (Z) selectivity

(Z:E = 95.5:4.5). The stereoselectivity of the Wittig reac-

tion is dependent on several factors, including the nature of

the aldehyde and ylide, and the reaction conditions [27,

28]. Thus, the influence of the temperature at which the

ylide and aldehyde were combined and the role of different

solvent systems were tested in attempts to improve the

stereoselectivity (Table 1). It emerged that dimethylform-

amide (DMF) decreased the reaction yield and, consistent

with previous findings, THF was found to give optimum

(Z) selectivity [27, 28]. Higher reaction temperatures

improved the reaction yield, however a concurrent increase

in formation of the (E) isomer was observed. Thus, to

obtain optimal stereoselectivity, the Wittig reaction was

performed in THF at -78 �C, to afford 9 and 10

(Z:E C 97.0:3.0).

Hydrolysis of 9 and 10, to afford the omega-3 fatty acids

1 and 2 in excellent yields, was achieved using NaOH.

Under the mild reaction conditions employed, pure prod-

ucts were obtained without the need for subsequent chro-

matography. In addition, no change in the Z:E ratio was

observed upon de-esterification, indicating base catalysed

isomerisation [29] of (Z) double bonds did not occur under

the reaction conditions.

Omega-3 Olefinic Bond Characterisation

Previously, identification of double bond geometry and

isomeric purity of synthetically prepared, unsaturated fatty

acid derivatives has been achieved using 1H-NMR spec-

troscopy [10, 26, 30, 31]. In the 1H-NMR spectra of 1 and

2, as well as their precursors 9 and 10, the olefinic proton

resonances were found to be coincident. Consequently,
1H-NMR spectroscopy did not provide reliable data

regarding the double bond geometry or isomeric purity of

these compounds. A similar observation had been made in

the synthesis of (E)-vaccenic acid [32].

The double bond configurations in 1, 2, 9, and 10 were

identified using the chemical shifts of the signals arising

from the carbons adjacent to the double bond. Assignment

of these resonances was achieved using 1H–13C-HSQC

NMR spectroscopy, where coupling of these signals to the

proton resonances at 2.02 ppm, which arise from the pro-

tons adjacent to the double bond, was observed. Using this

approach, resonances arising from the carbon atoms adja-

cent to the double bond in the 13C-NMR spectra of 1, 2, 9,

and 10 were identified at *27 and 20 ppm. Similar shifts

have been reported in the 13C-NMR spectra of a series of

unbranched omega-3 (Z)-alkenes [33], and the chemical

shifts of these resonances may be considered diagnostic for

the omega-3 (Z) configuration. In the case of the (E) iso-

mers, deshielding shifts these resonances to *32 and

25 ppm, respectively [33]. Weak resonances at *32 and

25 ppm, attributed to the (E) isomers, were observed in the
13C-NMR spectra of 1, 2, 9, and 10.

In addition to the configurations of double bonds, the

chemical shifts of the adjacent carbons atoms indicate the

position of the double bond. Thus, chemical shifts of *20

and 27 ppm are typical for omega-3 (Z) compounds [33]

but shift significantly when the position of the double bond

is changed. For example, they appear at *29 and 27 ppm

in the 13C-NMR spectra of omega-4 (Z) alkenes [33]. The

double bond position is also confirmed by the chemical

shift of the methyl group protons which appear at 0.95 ppm

in the 1H-NMR spectra of 1, 2, 9, and 10; these lie within

the 0.93–1.03 ppm range reported to be characteristic of

omega-3 fatty acids [34].

The isomeric purity of the olefinic compounds was

determined by GC–MS. Gas chromatograms of 9 and 10,

Table 1 Yield and Z:E ratio obtained from the Wittig reaction of 7
and n-propyltriphenylphosphonium bromidea

Solvent Temperature (�C)b Z:E ratioc Yield (%)d

THF ? DMF (12:1) Room Temperature 92.5:7.5 70

THF ? DMF (12:1) 0 95.5:4.5 65

THF 0 95.5:4.5 75

THF -78 97.0:3.0 69

Toluene -78 95.5:4.5 69

a All reactions performed under conditions analogous to those

reported in the general procedure used to prepare 9 and 10. Only the

solvent system and temperature at which 7 was added to the ylide

were changed
b Temperature at which 7 was added to ylide
c Z:E ratio determined by GC–MS
d Isolated yield based on the aldehyde
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and the FAME derivatives of 1 and 2, displayed two peaks

with identical mass spectra. Based on order of elution [35],

the first minor compound to elute was identified as the (E)

isomer, and the second major compound as the (Z) isomer.

That the (Z) isomer is the major constituent of the olefinic

compounds is supported by the 13C-NMR data. Using a

Zebron ZB-Wax column and relatively long run times of

45 min, baseline separation was achieved, and the Z:E ratio

was then calculated from the peak areas. Under the GC

conditions described, the FAME derivatives of 1 and 2 had

retentions times of 25.54 and 27.24 min, respectively, with

those of the corresponding (E) isomers at 25.25 and

26.94 min, respectively.

Conclusions

This article presents a convenient synthesis of two (Z)-

monounsaturated omega-3 fatty acids with a high degree of

isomeric purity. The four-step synthetic procedure begin-

ning with the hydroxy fatty acids has an overall yield of

*43%, and may be readily scaled up to prepare gram

quantities. The fatty acids described will be valuable model

compounds for researchers to evaluate the functional

importance of the omega-3 double bond in the cellular

actions of naturally-occurring omega-3 PUFAs.
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Abstract A very long chain polyunsaturated hydro-

carbon, hentriacontanonaene (C31:9), was detected in an

eicosapentaenoic acid (EPA)-producing marine bacterium,

which was isolated from the mid-latitude seashore of

Hokkaido, Japan, and was tentatively identified as meso-

philic Shewanella sp. strain osh08 from 16S rRNA gene

sequencing. The geometry and position of the double bonds

in this compound were determined physicochemically to be

all cis at positions 3, 6, 9, 12, 15, 19, 22, 25, and 28.

Although C31:9 was detected in all of the seven EPA- or/

and docosahexaenoic acid-producing bacteria tested, an

EPA-deficient mutant (strain IK-1D8) of one of these

bacteria had no C31:9. Strain IK-1D8 had defects in the

pfaD gene, one of the five pfa genes responsible for the

biosynthesis of EPA. Although Escherichia coli DH5a

does not produce EPA or DHA inherently, cells trans-

formed with the pfa genes responsible for the biosynthesis

of EPA and DHA produced EPA and DHA, respectively,

but not C31:9. These results suggest that the Pfa protein

complex is involved in the biosynthesis of C31:9 and

that pfa genes must not be the only genes responsible for

the formation of C31:9. In this report, we determined for

the first time the molecular structure of the C31:9 and

discuss the possible biosynthetic pathways of this

compound.
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Abbreviations

CI Chemical ionization

CI-GC/MS Chemical ionization–mass spectrometry

DHA Docosahexaenoic acid

EI Electron impact ionization

EI-GC/MS Electron impact ionization–mass

spectrometry

EPA Eicosapentaenoic acid

FAME Fatty acid methyl ester

GC/MS Gas chromatography–mass spectrometry

GLC Gas–liquid chromatography

HPLC High-performance liquid chromatography

PUHC Polyunsaturated hydrocarbon

PUFA Polyunsaturated fatty acid

Introduction

A unique very long straight-chain polyunsaturated hydro-

carbon (PUHC) with an odd number of carbon atoms,

hentriacontanonaene (C31:9), was first discovered in mar-

ine Antarctic bacteria [1]. The same compound was

reported in a deep-sea bacterium [2]. These C31:9-pro-

ducing bacteria are psychrophilic and produce eicosapen-

taenoic acid (EPA) and/or docosahexaenoic acid (DHA)

[1]. However, the molecular structure of C31:9 has not

been determined, and the relationship between these n-3

polyunsaturated fatty acids (PUFAs) and C31:9 biosyn-

thesis is not clear, although bacterial EPA and DHA are

synthesized by the Pfa protein complex encoded by the

pfaA, pfaB, pfaC, pfaD, and pfaE genes [3].

Another straight-chain PUHC with an odd number of

carbons, all cis-3,6,9,12,15,18-heneicosahexaene (C21:6),

is distributed in marine planktonic algae and animals [4, 5].

The biosynthesis of C21:6 may occur through the decar-

boxylation of DHA [4] because the marine organisms

possessing C21:6 contain DHA [4, 5] as well as the

hydrocarbon derived from DHA (D4, 7, 10, 13, 16, 19) by

decarboxylation. C21:6 from DHA should have double

bonds at 3, 6, 9, 12, 15, and 18. Eukaryotes have a

decarboxylation pathway to synthesize odd-carbon-number

alkanes from even-carbon-number counterpart fatty acids

via fatty aldehyde formation [6]. However, no biochemical

or molecular evidence on the biosynthesis of C21:6 is

available, and information about C31:9, which is recog-

nized as a biomarker of Antarctic bacteria [1], is limited.

We isolated an EPA-producing bacterium from the

surface of seaweed collected at the mid-latitude seashore of

Hokkaido, Japan. This isolate (designated strain osh08)

included, in addition to low levels of EPA, a hydrocarbon

suspected to be C31:9. In this study, we describe the

physicochemical determination of the molecular structure

of this compound including the position and geometry of

the double bonds. We investigated the distribution of C31:9

using various types of marine and nonmarine microor-

ganisms, including EPA- or DHA-producing bacteria and

eukaryotes, a genetically engineered EPA-deficient mutant

of Shewanella species, and Escherichia coli that had been

transformed with the pfa genes responsible for the bio-

synthesis of EPA or DHA. We discuss the possible bio-

synthetic pathways of C31:9 with regard to the distribution

of EPA, DHA, C31:9, and pfa genes in bacteria.

Experimental Procedures

Strains and Culture Conditions of Bacteria

and Eukaryotes

Bacterial strains isolated from seaweed samples that had

been collected at the mid-latitude seashore of Oshoro,

Hokkaido, Japan (43.19N, 141.00E) were screened for their

ability to produce long-chain PUFAs such as EPA and

DHA in moderate-temperature environments. The seaweed

fragments (approximately 2 9 3 cm) soaked in seawater

were vortexed. Portions (200 lL) of the seawater sample

were spread on the plates containing ZoBell agar medium

(1 g/L peptone, 1 g/L yeast extract, 0.1 g/L Fe3(PO4)2, and

0.15 g/L agar in 50% (by vol) seawater; [7]). Sea water

used in this study was natural seawater that had been fil-

tered using filter paper (type No. 02, Advantec, Tokyo,

Japan). Plates were then incubated at 20 �C for several

days. Bacterial colonies were subjected to methanolysis

using 10% (by vol) acetyl chloride in methanol, as

described below. One strain (osh08) capable of producing

EPA was isolated, purified by repeated streaking of cells on

the agar plates, and utilized for further investigations.

Strain osh08 was cultivated in the ZoBell liquid medium

with shaking at 180 rpm at 25 �C for 1 day, unless other-

wise stated. To investigate effects of temperature on

growth and production of C31:9, strain osh08 was culti-

vated at 0, 4, 15, 20, 25, 30, 37, 40, and 43 �C.

The following strains were used: Colwellia maris

ABE-1T [8], Moritella marina MP-1T (ATCC15381T),

Shewanella marinintestina IK-1T [9], Shewanella pneu-

matophori SCRC-2738T [10], Shewanella benthica

(ATCC43992), Pseudomonas alcaliphila AL15-21T [11] as

marine bacteria; Pseudomonas psychrophila E-3T [12],

Vibrio rumoiensis S-1T [13], Shewanella oneidensis MR-1T

(ATCC 700550T), Pseudomonas aeruginosa WatG [14],

Rhodococcus erythropolis (laboratory strain isolated from

soil), E. coli DH5a (Takara Bio, Tokyo, Japan), and Steno-

trophomonas maltophilia (laboratory strain from soil) as

nonmarine bacteria; a thraustochytrid-like microorganism
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strain 12B [15] and Schizochitrium limacinum SR21 [16] as

marine eukaryotes; and a terrestrial eukaryote, Saccharo-

myces cerevisiae (baker’s yeast). Nonmarine and marine

bacteria were grown in a Luria–Bertani (LB) medium and a

LB medium containing 30 g/L NaCl, respectively. Strain

12B, S. limacinum SR21, and yeast were grown in F medium,

as described previously [15].

Extraction and Analysis of Lipids

Hydrocarbons of osh08 were first extracted with hexane

from the fatty acid methyl ester (FAME) fraction after

methanolysis of dry cells (approximately 15 mg) using

1 mL of 10% (by vol) acetyl chloride in methanol at 100 �C

for 1 h. A mixture of 10 lg each of heneicosanoic acid

(21:0, Sigma–Aldrich, Tokyo) and n-tetracosane (C24:0,

Sigma–Aldrich) was used as an internal standard. To avoid

coextraction of FAMEs, hydrocarbons were directly

extracted from dry cells (approximately 10 mg) with 20 mL

of a mixture of methanol/hexane (1:1, by vol) after sonic

oscillation at 70 watts for 10 s in an ice bath using a sonic

disruptor (model, W-185; Branson, Danbury, CT). This

procedure was repeated three times. The combined hexane

extracts were used as crude hydrocarbon fraction.

The crude hydrocarbon fraction was applied to thin-

layer chromatography (TLC) on silica gel plates (type

5721, Merck, Darmstadt, Germany) using a mixture of

hexane/ethyl ether/acetic acid (90:10:1, by vol) as solvent.

Squalene (Kanto Chemical, Tokyo), and squalane (Tokyo

Kasei Kogyo, Tokyo), were used as standards.

Purification of C31:9 was performed by reversed-phase

high-performance liquid chromatography (HPLC). Crude

hydrocarbon extracts (1.5 mg aliquots) were dissolved in

1 mL of acetonitrile. The solution was filtered through a

Millex-HV filter (pore size 0.45 lm, Millipore, Billerica,

MA). A 300-lL aliquot of the filtrate was subjected to

HPLC on a liquid chromatography system (model CCMP,

Tosoh, Tokyo) equipped with an ODS column (type

TSKgel ODS-80Ts, 15 cm long, 2.0 mm I.D., Tosoh) and

an ultraviolet detector (model UV-8010, Tosoh), which had

been equilibrated with acetonitrile. C31:9 was eluted with

the same solvent at a flow rate of 1.0 mL/min, and absor-

bance at 210 nm of the eluate was monitored. The retention

time of C31:9 was around 16.2 min. C31:9 with a purity of

more than 99%, which was evaluated by gas-liquid chro-

matography (GLC; see below), was subjected to further

analysis.

The cis and trans configurations of double bonds of

C31:9 were determined using HPLC-purified hydrocarbon

fraction (approximately 500 lg) by infrared spectrometry

(IR; model FT/IR 660 Plus, Jasco, Tokyo) by the potassium

bromide method. Assignment of individual peaks of C31:9

in IR was referred to [17–19].

The purified hydrocarbon fraction dissolved in hexane at

3.5 lg/mL was fully hydrogenated using H2 gas at room

temperature for 40 min. Platinum(IV) oxide at 5 mg/mL

was used as a catalyst. Hydrogenated hydrocarbon was

extracted with hexane. Partial hydrogenation was per-

formed using hydrazine [20]. The hydrocarbon fraction

(approximately 20 lg) was dissolved in 1 mL methanol

and then mixed with 0.1 mL hydrazine and 0.1 mL 30%

H2O2 (by vol). The reaction mixture was stirred for 90 min

at 50 �C. To stop the reaction, 1 mL 5 M HCl was added,

and the mixture was extracted with hexane. The extract

was applied to silver nitrate TLC on silica gel (no. 5721,

Merck), as described previously [21] with a solvent system

composed of hexane/benzene (1:1, by vol). Silica gels

corresponding to spots whose mobility was close to that of

authentic 1-dodecene (C12:1, Sigma–Aldrich) were

scraped off the plate and extracted with a mixture of

methanol/water/hexane (1:1:2, by vol). A hexane fraction

containing hydrocarbons with one double bond was

recovered. The location of double bonds in each mono-

unsaturated hydrocarbon was determined by chemical

ionization (CI) ion-trap mass spectrometry using acetoni-

trile as a regent gas (see below and [22–24]).

The FAME fraction including hydrocarbon, crude and

purified hydrocarbons, and hydrogenated hydrocarbons

were analyzed by GLC as described [25] on a gas chro-

matograph (model GC-353B, GL Sciences, Tokyo)

equipped with a polar capillary column (type BPX70, 25 m

long, 0.22 mm I.D., 0.25 lm film thickness, SGE Japan,

Yokohama, Japan) unless otherwise stated, and flame

ionization detection with nitrogen as the carrier gas. The

GLC oven temperature was 80 �C initially and pro-

grammed up to 240 �C at a rate of 4.0 �C/min. The oven

temperature was held at the maximum for 60 min. The

injector and detector temperatures were set at 221 �C. The

data were analyzed using a D-2500 Chromato-Integrator

(Hitachi, Tokyo). In order to detect PUFAs and PUHCs

with very long retention times, GLC analysis was also

performed using a nonpolar capillary column (type TC-1,

30 m long, 0.25 mm I.D., 0.1 lm film thickness) obtained

from GL Science. The injector and detector temperatures

were set at 250 and 340 �C, respectively. The oven tem-

perature was first set at 50 �C, and then raised to 330 �C at

the rate of 10 �C/min. The maximum oven temperature

was held for 10 min. Triacontanoic acid methyl ester (30:0)

and tetratriacontane (C34:0) from Sigma–Aldrich were

used as internal standards.

Relative fatty acid and hydrocarbon composition was

expressed as weight percentage of the total combined

weight of these compounds. The hydrocarbons and FAMEs

were also analyzed by ion-trap mode gas chromatography–

mass spectrometry (GC/MS) on a Varian system (model

CP-3800 gas chromatograph and Saturn 2200 ion trap mass
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spectrometer, Varian Technologies Japan, Tokyo) under

the same conditions as described previously [25]. Data

were analyzed using a SaturnTM Software Workstation

Version 5.52. In GC/MS analysis, two modes of electron

impact ionization (EI) and CI were utilized and abbreviated

as EI-GC/MS and CI-GC/MS, respectively. In CI-GC/MS,

acetonitrile was used as an ionization reagent.

FAMEs were identified by comparing their retention

times with those of authentic standards in GLC and by their

EI-GC/MS analysis. To determine the position of double

bonds of monounsaturated fatty acids, the FAME fraction

was subjected to the I2-catalyzed reaction for the formation

of adducts with dimethyl disulfide according to the pro-

cedure of Shibahara et al. [26] The resultant dimethyl

disulfide adducts were analyzed by EI-GC/MS, as descri-

bed above. The position of double bonds of EPA was

determined by EI-GC/MS analysis of its pyrrolidide

derivative prepared, as previously [27].

DNA Procedures

For PCR amplification of 16S rRNA genes, osh08 cells

were cultivated as described above. Genomic DNA was

isolated by the method of Marmur [28]. PCR was performed

using a Mastercycler� ep gradient Thermal Cycler (Ep-

pendorf AG, Hamburg, Germany) in a total volume of

50 lL using Ex Taq DNA polymerase (Takara Bio) in the

supplied buffer. For the amplification of the full length of

16S rRNA genes, primers 9F (50-GAGTTTGATCCTGG

CTCAG-30) and 1541R (50-AAGGAGGTGATCCAGCC-30)
were used. PCR was carried out according to the following

program, an initial denaturation at 95 �C for 5 min followed

by 30 cycles of 1 min at 95 �C, 1 min at 57 �C, and 2 min at

72 �C, concluding with a 5 min extension at 72 �C for the

amplification of the 16S rRNA gene. PCR products were

analyzed by electrophoresis on 10 g/L agarose gels and

were visualized by a UV transilluminator after staining with

ethidium bromide (Nippon Gene, Tokyo).

PCR products that had been ligated to the pCR2.1-TOPO�

vector using the TOPO TA cloning� Kit (Invitrogen) were

subjected to cycle sequencing according to the manufac-

turer’s protocol. Recombinant vectors were used to trans-

form E. coli DH5a and transformants were selected by

blue/white colony screening. Individual white colonies were

grown at 37 �C overnight with rotary shaking in LB medium.

Plasmid pCR2.1-TOPO carrying 16S rRNA gene from

osh08 was isolated with the mini-preparation method [29].

Cycle sequencing was performed as described previously

[30]. The sequence comparative searches were performed

using the NCBI (http://www.ncbi.nlm.nih.gov/) databases.

The osh08 16S rRNA gene sequence has been deposited in

DDBJ/GenBank/EMBL with the accession number of

AB447987.

Results

Extraction and Cellular Contents of Polyunsaturated

Hydrocarbons and Fatty Acids

The compound suspected to be a very long chain hydro-

carbon with multiple double bonds was extracted with

hexane in the FAME fraction after methanolysis of osh08

cells grown at 25 �C. As described below, this compound

was identified as a PUHC with 31 carbons and 9 double

bonds (hentriacontanonaene; C31:9). D9-Hexadecenoic

acid (28.8 ± 0.7%) and hexadecanoic acid (14.5 ± 1.0%)

were the major fatty acids and pentadecenoic, hexadece-

noic, heptadecenoic and octadecenoic acids included two

isomers with a double bond at different positions (Table 1).

C31:9 was the sole hydrocarbon detected in the fraction.

The contents of C31:9 and EPA (20:5) were 3.0 ± 0.6 and

0.5 ± 0.2%, respectively.

Table 1 Fatty acid and hydrocarbon composition in osh08 grown at

25 �C

Fatty acid and

hydrocarbona
Content

(w/w, % totalb)

12:0 3.4 ± 0.3

iso13:0 2.8 ± 0.1

13:0 1.5 ± 0.3

14:0 3.3 ± 0.2

iso15:0 8.8 ± 0.5

15:0 8.0 ± 1.1

15:1(7) 1.2 ± 0.1

15:1(9) 1.0 ± 0.2

16:0 14.5 ± 1.0

16:1(7) 0.7 ± 0.1

16:1(9) 28.8 ± 0.7

17:0 3.5 ± 0.5

17:1(9) 9.3 ± 0.7

17:1(11) 0.7 ± 0.2

18:0 1.4 ± 0.1

18:1(9) 0.9 ± 0.1

18:1(11) 4.0 ± 1.0

20:5(5,8,11,14,17) 0.5 ± 0.2

C31:9 3.0 ± 0.6

Others 2.7 ± 0.5

Total 100

a Fatty acids are abbreviated, as in 16:1(9), where the number before

the colon shows the number of carbon atoms and after the number of

double bonds in the fatty acid. The distance of the double bond from

the carboxylic end of the fatty acid is indicated in parenthesis. iso13:0

and iso15:0 are iso-branched fatty acids. C31:9 is hentriacontanonaene
b Fatty acids and hydrocarbons were separately quantified using 21:0

and C24:0, respectively, as internal standards, and the sum of these

compounds was regarded as 100%. The data indicated are

mean ± standard errors for three independent experiments
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C31:9 was extracted directly from dry cells in the

hexane fraction with a mixture of hexane and methanol

(1:1, by vol). The content of this compound was

0.63 ± 0.02 lg/mg of dry cells for cells grown at 20 �C for

18 h (3.15 lg/mL of culture). The content of C31:9 after

methanolysis was calculated to be 0.49 ± 0.01 lg/mg of

dry cells (2.45 lg/mL of culture) for cells grown under the

same conditions.

Effects of Temperature on the Growth of Strain osh08

and Content of EPA and C31:9

The osh08 cell grew in the temperature range of 4 to 40 �C,

and the optimum growth occurred at 30 �C. No growth was

observed at 0 �C or 43 �C. According to Wiegel’s defini-

tion [31], this type of strain should be regarded as meso-

philic bacteria that are tolerant to a temperature around

5 �C rather than as psychrotrophs, which can grow at 0 �C.

Table 2 shows the contents of C31:9 and EPA in the

total FAME fraction including hydrocarbons after meth-

anolysis of osh08 cells grown at various temperatures. The

maximum production of C31:9 and EPA was at 25 and

4 �C, respectively. It is interesting that the content of C31:9

and EPA changed in an antiparallel mode with regard to

their biosynthetic pathways (see below). To our knowl-

edge, the highest temperature at which EPA is produced

in bacteria is 28 �C for Shewanella japonica [32] and

S. pacifica [33]. Although EPA comprises around 0.2% of

total fatty acids, osh08 produced EPA at 37 �C, and the

maximum temperature at which C31:9 was produced was

also 37 �C (Table 2).

Physicochemical Analysis of C31:9

In EI-gas chromatographic analysis of the FAME fraction

including hydrocarbons, C31:9 occurred at a retention time

of about 34 min (Fig. 1a), and no peak was detected after

C31:9. The mass spectrum of C31:9 in EI-GC/MS was

similar to that of the methyl esters of PUFAs such as

arachidonic acid, EPA, and DHA, where fragment ions at

an m/z of 79 and 91 were dominant (Fig. 2a), suggesting

that the hydrocarbon contained multiple methylene-inter-

rupted double bonds in the straight aliphatic chain. In CI/

MS analysis of the C31:9 peak, an ion of [M ? 54 ? H]?

at m/z 473 was prominent (Fig. 2b). The molecular weight

of H2-hydrogenated C31:9 (C31:0), whose retention time

was around 30 min in an EI-gas chromatogram (Fig. 1b),

was determined to be 436 by the occurrence of an

[M ? 40 ? H]? ion at m/z 477 in CI/MS (Fig. 2c). These

results indicate that the hydrocarbon comprises 31 carbon

atoms with 9 double bonds (C31:9, molecular weight, 418).

In GLC analysis of the total FAME fraction using a

nonpolar capillary column, EPA and C31:9 appeared

around 22 and 28.5 min, respectively, and the retention

times of 30:0 and C34:0 used as internal standards were

about 26 and 34 min, respectively. However, no peaks

suspected to be 32:9 fatty acid were detected (data not

shown).

The EI-gas chromatogram of partially hydrogenated

hydrocarbons gave five peaks (peaks 1, 2, 3, 4, and 5 in

Fig. 3) with the same molecular weight of 434, suggesting

that the fraction was a mixture of hydrocarbons with one

double bond at different positions.

The CI-mass spectrum of one isomer (peak 1 in Fig. 3)

was shown in Fig. 4a, where fragment ions at m/z 264 (a)

and 278 (b) were evident. This result indicates the location

of a double bond at 15 (or 16 when counted from the

opposite end). Peak 2 was that of an isomer having a

double bond at 12 or 19, because fragment ions at m/z 222

(a) and 320 (b) were detected (Fig. 4b). Peaks 3, 4, and 5

were determined to be isomers having double bonds at 9 or

Table 2 Eicosapentaenoic acid and hentriacontanonaene contents in

osh08 cells grown at various temperatures

Growth

temperature (�C)

EPA

(w/w, % totala)

C31:9

(w/w, % totala)

4 1.9 ± 0.2 1.1 ± 0.1

15 0.9 ± 0.4 2.0 ± 0.2

20 0.6 ± 0.1 2.4 ± 0.2

25 0.5 ± 0.2 3.0 ± 0.6

30 0.3 ± 0.1 1.7 ± 0.1

37 0.2 ± 0.1 1.4 ± 0.2

40 ND ND

ND not detected
a Fatty acids and hydrocarbons were separately quantified using 21:0

and C24:0, respectively, as internal standards. The data indicated are

mean ± standard errors for three independent experiments

kcounts

150

100

50

kcounts

6

3

29 30 31 minutes

33                 34                 35           minutes

a

b

Fig. 1 EI-gas chromatograms of native hentriacontanonaene (C31:9; a)

and its fully hydrogenated derivative, hentriacontane (C31:0; b)
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22, 6 or 25, and 3 or 28, respectively (Fig. 4c–e). The

results are summarized together with the relative intensity

of each diagnostic ion in Table 3. The double bonds at 3, 6,

9, and 12 are equivalent to the locations at 28, 25, 22, and

19, respectively.

The infrared spectrum of HPLC-purified C31:9 is shown

in Fig. 5. There were intense peaks at 2,963 and

2,855 cm-1 corresponding to C–H stretching of CH3

groups, intense peaks at 2,921 and 2,360 cm-1 corre-

sponding to C–H stretching of CH2 groups, and peaks at

1,457 and 1,337 cm-1 corresponding to C-CH2 and C-CH3

groups, respectively [18]. A peak at 1,391 cm-1 corre-

sponded to CH bending of the HC=CH cis double bond

[19]. However, there was no peak at 970 cm-1 corre-

sponding to CH bending of the HC=CH trans double bond.

The intense peaks around 3,015 and 1,670 cm-1 are

regarded as those corresponding to CH stretching and C=C

stretching, respectively, of the HC=CH cis double bond

[17, 19]. The relatively intense peak at 1,731 cm-1 is

considered to correspond to C=O and C–O stretching of

a

b

c

100%

50%

100%

50%

100%

50%

[M+54+H]+ 473

[M+40+H]+ 459

[M+H]+ 419

[M+40+H]+ 477

79
91

105

[M]+ 436

100 200 300 400 m/z 

Fig. 2 EI-mass spectrum of

native C31:9 (a), and CI-mass

spectra of C31:9 (b) and C31:0

(c). Acetonitrile was used as the

ionization reagent in CI/MS
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Fig. 3 EI-gas chromatogram of a C31:1 mixture prepared from

partially hydrogenated C31:9. Five peaks of the C31:1 isomers were

numbered
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carboxylate ester of the contaminating fatty acid methyl

esters [17, 19]. Considering all these data together, we

identified the compound as all cis-3, 6, 9, 12, 15, 19, 22, 25,

28-hentriacontanonaene (C31:9) (Fig. 6). The position and

geometry of double bonds of C31:9 were determined for

the first time in this study.

Distribution of C31:9 in Various Microorganisms

and its Possible Biosynthetic Pathways

Table 4 shows the distribution of EPA, DHA, C31:9, and

pfa genes in bacteria and some eukaryotic microorganisms.

C31:9 was found in all tested marine bacteria that produce

EPA or DHA, as also found by Nichols et al. [1]. The pfa

genes responsible for the biosynthesis of EPA and DHA

have been cloned from S. pneumatophori SCRC-2738,

S. marinintestina IK-1, and M. marina MP-1 [3]. Shewa-

nella oneidensis MR-1T grown at 20 �C for 18 h contained

both EPA and C31:9 at 0.2 ± 0.1 and 2.0 ± 0.7%,

respectively, of the total FAME and hydrocarbon fraction,

although this strain, which was isolated from sediments of

a freshwater lake, does not require NaCl for growth [34]

and is recognized as mesophilic [35]. The chromosome of

this bacterium (AE014299; see [36]) included pfa genes

(Table 4). However, the marine bacterium P. alcaliphila

AL15-21T and nonmarine yeast produced neither PUFA

nor C31:9. Two marine eukaryotes, which are known to

produce very high levels of DHA and other PUFAs [15,

16], produced no C31:9. These eukaryotic microorganisms

are expected to have pfa-like genes that are responsible for

the biosynthesis of PUFAs because such genes have been

cloned from Schizochytrium sp. ([37] and see accession

numbers AF378327, AF378328, and AF378329). Although

E. coli DH5a does not inherently produce EPA or DHA,

the cells transformed with the pfa genes responsible for the

biosynthesis of EPA and DHA produced EPA and DHA,

respectively, but not C31:9 (Table 4 and see [3]). In

contrast, the EPA-deficient mutant (strain IK-1D8) of

S. marinintestina IK-1, in which one of the five pfa genes,

pfaD gene, responsible for biosynthesis of EPA is defective

[38], produced neither EPA nor C31:9. These results sug-

gest that five pfa genes are involved in the biosynthesis of

C31:9. However, pfa genes must not be the only genes

responsible for the formation of C31:9 because E. coli

recombinants carrying pfa genes had no C31:9 (Table 4).

Tentative Identification of Strain osh08

The 1,534 bp nucleic acid sequence of the 16S rRNA gene

of osh08 was determined and was 99.8 and 98.4% similar

to that of Shewanella basaltisT (EU143361) and S. hafni-

ensisT (AB205566), respectively. The strain was identified

tentatively as Shewanella sp. strain osh08. Detailed char-

acterization of this strain is in progress.

Discussion

In this study, an EPA-producing mesophilic strain

(Shewanella sp. strain osh08) was isolated from the mid-

latitude seashore of Hokkaido, Japan. This strain included a

long-chain PUHC, hentriacontanonaene (C31:9), which has

never been reported in bacteria other than psychrophiles

[1, 2]. The geometry and position of the double bonds in

this compound were determined to be all cis (Fig. 5) at

positions 3, 6, 9, 12, 15, 19, 22, 25, and 28 (Table 3 and see

Fig. 6). The same compound (C31:9) was detected in

marine and nonmarine, and psychrophilc and mesophilic

bacteria, which contained EPA and/or DHA (Table 4).

Table 3 Summary of diagnostic ions in the acetonitrile CI mass

spectra of hentriacontamonoene isomers

C31:1 isomer Peak no.

in Fig. 3

m/z of fragment

(relative intensity)

aa ba

15(16)-C31:1 1 264 (7.3) 278 (6.9)

12(19)-C31:1 2 222 (8.9) 320 (6.2)

9(22)-C31:1 3 180 (5.9) 362 (4.2)

6(25)-C31:1 4 138 (7.7) 404 (2.8)

3(28)-C31:1 5 96 (8.3) 446 (3.0)

a A fragment shown in Fig. 4

0.19

0.15

0.1

0.05

A
bs

 

Wave number (cm-1)
3000                2500                 2000               1500                  1000

Fig. 5 IR spectrum of C31:9. There was no characteristic peak at

970 cm-1 corresponding to CH bending of the HC=CH trans double

bond (a region indicated by arrow)

H3C  3 (28) 6 (25) 9 (22)12(19)15(16)

19(12)22 (9) 25 (6) 28 (3) CH3

Fig. 6 Proposed structure of C31:9. The position of the double bonds

of C31:9 (product) was counted from both methyl ends
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Based on our present results, previous studies on the bac-

terial distribution of PUFAs and pfa genes [3], and data on

the predicted biosynthetic pathway of PUFAs in the poly-

ketide synthesis mode [37, 39, 40], we will discuss the

biosynthetic routes of C31:9.

When hydrocarbons are produced from fatty acids,

decarboxylation of the precursor is necessary. Aliphatic

hydrocarbons can be produced in eukaryotes by decar-

boxylation of corresponding fatty acids [6]. Some marine

and freshwater algae produce a C21:6 hydrocarbon with

double bonds at 3, 6, 9, 12, 15, and 18, and this PUHC is

thought to be formed by decarboxylation of DHA [5],

although no biochemical or molecular evidence is avail-

able. This speculation is acceptable because (1) the posi-

tions of the double bonds of C21:6 are consistent with the

view of the decarboxylation of DHA with double bonds at

D4, 7, 10, 13, 16, and 19; and (2) most organisms that have

C21:6 also contain DHA [5].

Two biosynthetic routes can be proposed for the for-

mation of C31:9 (see Fig. 7). One pathway is that C31:9 is

synthesized by a head-to-head condensation mechanism, in

which two molecules of D4, 7, 10, 13-hexadecatetraenoic

acid (16:4) are condensed in a head-to-head mode. An

additional double bond can be formed by the condensation

of two fatty acid molecules, which releases CO2 (Fig. 7a).

The head-to-head formation of long chain nonisoprenoid

hydrocarbons from fatty acids has been reported in both in

vivo [41] and in vitro [42] systems of Sarcina lutea, where

a monounsaturated long chain hydrocarbon can be formed

from two saturated fatty acid molecules by the following

equation [41–43].

RCH2COOHþ R0CH2COOH!
RCH ¼ CHCH2R0 þ CO2

In the in vitro system, the head-to-head condensation

requires coenzyme A, Mg2?, ATP, NADPH, and either

Table 4 Distribution of eicosapentaenoic and docosahexaenoic acids, hentriacontanonaene, and pfa genes in various microorganisms

Organisms Temperature (�C) EPA DHA C31:9 pfa Genes (Reference)

Marine bacteria

Shewanella sp. osh08 20 ?a -b ? ND

Colwellia maris ABE-1T 15 ? ? ? ND

Moritella marina MP-1 15 ? ? ? ? [3]

Shewanella benthica 15 ? - ? ND

Shewanella pneumatophori SCRC2738T 20 ? - ? ? [3]

Shewanella marinintestina IK-1T 20 ? - ? ? [3]

Shewanella marinintestina IK-1D8 20 - - - ±c [38]

Pseudomonas alcaliphila AL15-21T 20 - - - ND

Nonmarine bacteria

Pseudomonas psychrophila E-3T 20 - - - ND

Pseudomonas aeruginosa WatG 20 - - - ND

Rhodococcus erythropolis 20 - - - ND

Stenotrophomonas maltophilia 20 - - - ND

Shewanella oneidensis MR-1T 20 ? - ? ? [36]

Escherichia coli DH5a 20 - - - -

E. coli DH5a/pEPAD1d 20 ? - - ? [3, 44]

E. coli DH5a/pDHA3 plus pET21a::pfaEe 15 - ? - ? [3, 44]

Marine eukaryotes

Thraustochytrid-like microorganism strain 12B 30 ? ? - ND

Schizochitrium limacinum SR21 30 ? ? - ND

Nonmarine eukaryotes

Saccharomyces cerevisiae 30 - - - -

For microorganisms other than osh08, the fatty acid and hydrocarbon fraction was prepared by methanolysis of wet or dry cells in the presence of

only 21:0 as internal standard, as described in Materials and Methods

ND not determined
a,b Present and absent, respectively
c Present but only the pfaD gene is deficient
d,e E. coli DH5a carrying pEPAD1 that contains pfaA–E genes responsible for the biosynthesis of EPA and E. coli DH5a carrying pDHA3 that

contains pfaA–pfaD genes and pfaE gene responsible for the biosynthesis of DHA, respectively
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pyridoxal phosphate or pyridoxamine phosphate as

cofactors [43]. Although we have no direct biochemical

evidence on the role of this mechanism in the formation of

C31:9, the number and positions of double bonds in C31:9,

the antiparallel occurrence of EPA and C31:9 in osh08

cells (below 25 �C, Table 2), and the detection of 16:4 in

EPA-producing recombinant E. coli [44] support this

hypothetical pathway.

The other proposed biosynthetic pathway of C31:9 may

occur by decarboxylation of a hypothetical very long chain

PUFA, D4, 7, 10, 13, 16, 20, 23, 26, 29-dotriacontanonae-

noic acid (32:9), which may be synthesized by the Pfa

protein complex using 16:4 as a precursor (Fig. 7b). At the

final step in this hypothetical biosynthetic process of C31:9,

decarboxylation of the 32:9 fatty acid is necessary. No

intermediate fatty acids other than 16:4 would be over-

lapped after 16:4 in the biosynthetic pathways of 32:9 and

EPA (and DHA) because of the antiparallel occurrence of

EPA and C31:9 in osh08 cells grown at various tempera-

tures. However, no fatty acid corresponding 32:9 has been

detected in the FAME fraction of osh08 under different

GLC conditions using polar and non polar columns (see

above). In both proposed pathways, the C31:9 molecule

could have an ethylene-interrupted double bond between

C15 and C19 (or C12 and C16) (see Figs. 6 and 7). With

regard to the decarboxylation activity to synthesize C31:9,

such activity would be present only in bacteria carrying pfa

genes, because there was no C31:9 detected in two PUFA-

producing marine eukaryotes, which are expected to have

eukaryote type pfa genes ([37] and Table 4).
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Abstract An acclimation to the changing physicochem-

ical conditions and high amount of D12-unsaturated fatty

acids of the Antarctic Chlorella vulgaris NJ-7 prompted us

to speculate about the involvement of D12-fatty acid

desaturases (FAD) in its adaptation to the extremely

unfavorable ambience. A full-length cDNA sequence,

designated CvFAD6, was isolated from C. vulgaris NJ-7

via RT-PCR and RACE methods. Sequence alignment

showed that the gene was homologous to corresponding

D12-FAD from other eukaryotes. Phylogenetic analysis

showed that it was grouped with plastidial D12-FAD with

conserved histidine boxes. Yeast cells transformed with a

plasmid construct containing CvFAD6 coding region

accumulated a considerable amount of linoleic acid

(18:2D9,12), normally not present in wild-type yeast cells,

suggesting that the isolated gene encodes a functional D12

enzyme. The correlation between the accumulation of

CvFAD6 and temperature has been examined by real time

PCR. The analysis showed a constant expression of

CvFAD6 from 25 to 15 �C whereas a fourfold increased

from 25 to 4 �C. Moreover, CvFAD6 transcription was

more sensitive to saline stress since a 20-fold increase at

6% NaCl was detected. Our data demonstrate that CvFAD6

is the enzyme responsible for the D12 fatty acids desatu-

ration involved in low temperature and high salinity

acclimation for Antarctic C. vulgaris NJ-7.

Keywords Antarctic Chlorella � Cold stress �
D12 fatty acid desaturation � Gene regulation � Salt stress

Abbreviations

FAD Fatty acid desaturase

UFA Unsaturated fatty acid

Introduction

Cold-adapted organisms are able to acclimate rapidly to the

changing physicochemical conditions within the brine

channel systems. The capability of responding to rapid

changes in a host of external stresses including, tempera-

ture and salinity, is therefore an intrinsic characteristic of

life in sea ice and just as important as being able to survive

freezing temperatures [1]. Chlorella vulgaris NJ-7 grow
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well at temperatures between 4 and 30 �C [2]. Compared

with other well studied cold-adapted chlorophytes that

failed to grow at temperatures above 20 �C [3, 4], it has

retained a higher versatility in response to environmental

changes. C. vulgaris NJ-7 would seem to be the first can-

didate for research on acclimation to dramatic temperature

and salinity shifts.

Organisms have evolved a number of adaptive mech-

anisms to counteract the effects of temperature change

such as, loss of membrane fluidity, decrease in enzymatic

activity, and a decline in protein stability [5]. Total fatty

acids of C. vulgaris NJ-7 showed variations for different

treatments. It is highest at 4 �C (71.09 ± 2.09 mg/g)

while lowest at 25 �C (53.99 ± 3.07 mg/g). They are

70.14 ± 2.740020, 60.87 ± 2.82 and 60.73 ± 1.48 mg/g

at 15 �C, 25 �C ? 3% NaCl and 25 �C ? 6% NaCl,

respectively (our data). Cold adaptation has always been

linked to high levels of membrane-associated poly-

unsaturated fatty acids (PUFA). Moreover a higher degree

of unsaturated fatty acids (UFA) in the membrane lipids

is also an adaptive advantage under high-salinity stress

[6]. The total amount of D12 UFA (16:2, 16:3, 18:2 and

18:3) was 37.49 and 34.53% in Antarctic microalgae

Chlamydomonas raudensis Ettl (UWO241) and Chlorella

BI, respectively [4]. Otherwise, it was about twice as

much in C. vulgaris NJ-7 (73.7%) [7]. C18:2, normally

20–30 mg/g (our data), is high while the amount of C18:1

is only a trace (0.03 mg/g) in C. vulgaris NJ-7. On the

other hand, researches on fatty acid distributions of

C. vulgaris NJ-7 under different treatments revealed the

linkage between fatty acids alteration and stresses. Per-

centages of 18:2 in total fatty acids by mass increased in

response to exposure to lower temperature and higher

salinity [7].

Fatty acid desaturases (FAD) play an essential role in

fatty acid metabolism and the maintenance of biological

membranes [8]. High amount of D12-UFA of C. vulgaris

NJ-7 prompted us to speculate about the involvement of

D12-FAD in its adaptation to the extreme unfavorable

ambience. FAD can be divided into two groups: soluble

and membrane-bound desaturases. Of the latter, D12 FAD

catalyze the desaturation at D12 position to introduce the

second hydrogen bond and anchor to the endoplasmic

reticulum (ER) and plastidial membrane as two different

isoforms: FAD2 and FAD6 [9, 10].

In order to clarify the involvement of D12 FAD in

freezing and salt tolerance and further explore the regula-

tory mechanism of oleate desaturation, we isolated a novel

plastidial oleate desaturase (FAD6) gene in Antarctic

microalga, C. vulgaris NJ-7 and demonstrated its function

by expression in yeast. Meanwhile, the expression pattern

of this gene was investigated at different temperature or

salt stresses.

Materials and Methods

Strains and Growth Conditions

Chlorella vulgaris NJ-7 was grown in batch cultures in a

salt medium (BG11) [11], and initially maintained at a

temperature of 25 �C with 12 h of incandescent light and

12 h of darkness.

DNA and RNA Isolation and cDNA Synthesis

Chlorella vulgaris NJ-7 in the exponential growth phase

were harvested. The dried mass was frozen in liquid

nitrogen, ground with a mortar and pestle into a fine

powder. Genomic DNA was isolated following the proto-

col described by Sambrook et al. [12]. Total RNA was

extracted from the powder according to the method of Li

et al. [13]. The RNA samples were used for the first-strand

cDNA synthesis after being treated with DNaseI to remove

DNA. It was synthesized with a reverse transcription

polymerase chain (RT-PCR) reaction kit (Takara) accord-

ing to the manufacturer’s instructions. A 500-lg amount of

total RNA was used in a 20-lL reaction system. Controls

received water instead of reverse transcriptase to assess any

contamination from genomic DNA as described by Zhou

et al. [14].

PCR with Degenerate Primers

First-strand cDNA was used as a template. Available

sequences of D12-acyl lipid desaturases from the GenBank

database [15] were used to design two degenerate primers,

F1/R1 (Table 1). F1 and R1 corresponded to the highly

conserved regions FVVGHDC and FWMSTF.

PCR contained 1 9 PCR Ex Taq buffer (Mg2? plus),

0.2 mM of each dNTP, 0.4 lM of each primer, and 1 U of

Ex-Taq (Takara) per 25 lL reaction. Amplification run on

a Tpersonal Thermocycler 118 (Biometra, Germany) fol-

lowing parameters: an initial 5-min denaturation step at

94 �C, followed by 30 cycles of 94 �C for 30 s, 55 �C for

30 s, and 72 �C for 1 min, finally extended at 72 �C for

7 min. The PCR fragments were cloned into a pMD-18-T

vector (Takara) and sequenced.

Full-Length cDNA and Genomic Sequences Isolation

The nucleotide sequences of the 30 and 50-ends of CvFAD6

were amplified by the RACE method [12]. Amplifications

were carried out using the SMART RACE cDNA Ampli-

fication Kit (BD-Clontech) according to the manual. 30 and

50RACE were performed using gene-specific primers

(3GSP1, 3GSP2, 5GSP1 and 5GSP2, Table 1). PCR was

carried out using the formulation described in the manual.

180 Lipids (2010) 45:179–187

123



The program was performed as follows: 5 min at 94 �C,

followed by 30 s at 94 �C, 3 min at 72 �C, for 5 cycles,

30 s at 94 �C, 30 s at 70 �C and 3 min at 72 �C, for 5

cycles, 30 s at 94 �C, 30 s at 68 �C and 3 min at 72 �C, for

25 cycles, finally extended at 72 �C for 7 min. Nested PCR

was carried out using the nested universal primers and

gene-specific primers. Secondary PCR fragments were

subcloned into pMD-18-T vector and nucleotide sequences

were determined.

Based on the information of 30- and 50-ends sequences,

two gene-specific primers F2 and R2 (Table 1) were

designed to amplify the full-length cDNA and genomic

sequence. PCR was performed with the GC-Rich PCR

system (Takara) using 1 9 GC buffer (Mg2? plus),

0.2 mM dNTP, 0.5 lM F2 and R2, 1 U of LA-Taq per

25 lL reaction. Reaction conditions were as follows: 5 min

denaturation at 94 �C, followed by 30 cycles of 94 �C for

30 s, 55 �C for 30 s and 72 �C for 1 min/kb, finally

extended at 72 �C for 7 min. The PCR fragments of the

expected length (1.4 and 3.1 kb) were cloned into pMD-18-

T vector and sequenced.

Sequence Analysis

A BLAST search program (http://www.ncbi.nlm.nih.

gov/blast/) was used. Multiple sequence alignment of

putative CvFAD6 was performed with Clustalx1.81 [16].

The distribution of the hydrophobic amino acids was ana-

lyzed using the Kyte-Doolittle hydropathy scale [17].

Transmembrane (TM) regions of the protein were pre-

dicted with TMHMM (Transmembrane Hidden Markov

Model) [18]. The signal sequence analysis was done using

a signal peptide prediction server [19].

Phylogenetic affiliation of the CvFAD6 was examined

by comparing it to the confirmed and putative plastidial and

microsomal D12 FAD obtained from public databases.

Amino acid sequences were aligned using the ClustalX

program with the implanted BioEdit [16, 20]. Phylogenetic

trees were constructed using neighbor-joining methods, as

implemented in the program MEGA4 [21]. Minimum

evolution and maximum parsimony analyses were also

performed. Bootstrap support was estimated using 1,000

replicates for distance analyses. Default program parame-

ters were used.

Expression in Yeast

The open reading frames was amplified with specific

primers, F5 and R5 (Table 1), and subcloned behind the

GAL1 promoter of the yeast expression vector pYES2.0

(Invitrogen). The 50 ends of the F5 and R5 contain an

EcoRI or an XhoI restriction site (underlined) respectively

to facilitate subsequent manipulation. The sequence ori-

entation and identity were confirmed by sequencing and the

resulted plasmid was designated pYFAD6.

Saccharomyces cerevisiae INVSc1 was transformed

and selected according to the manual. Yeast cultures were

grown to logarithmic phase at 30 �C in synthetic minimal

medium (SC-Ura). The cells were then induced as

described by Robert et al. [22], and were incubated at

15 �C for a further 48 h. The cells were harvested by

centrifugation, and washed three times with sterile dis-

tilled water and then dried by lyophilization. The total

lipids were extracted and analyzed according to the

method described by Hsiao [23].

Growth Under Various Stresses and Quantification Real

Time PCR (qRT-PCR)

Algae at the logarithmic phase were divided into five

treatments for a further 14 days. The treatments are as

follow: 25 �C, 0% (w/v) NaCl (control); 15 �C, 0% NaCl;

4 �C, 0% NaCl; 25 �C, 3% NaCl; 25 �C, 6% NaCl. Tur-

bulence was monitored by determining OD730 every 24 h.

Values were calculated with the mean of three independent

samples. For real-time PCR, algae at the logarithmic phase

were divided into the same five treatments. After an

interval of 36 h, algae were harvested by centrifugation at

5,000 rpm for 5 min at 4 �C and washed with sterile,

Table 1 Primers used in experiment

Aim Oligonucleotide sequence 50–30 Product

size (bp)

Partial cDNA cloning

F1 TTYGTRGTNGGNCAYGACTG 470

R1 GTRAANGTRCTCATCCARAA

50RACE

5GSP1 GCGGCTTCTGCTGCTCGGTGTAC

5GSP2 TCCACCAGCTTGTTGGTGTG 640

30RACE

3GSP1 GCAGAAGGAGACGATGGACAAGTGG

3GSP2 GAGCAAGTACACCGAGCAGCAGAAGCC 834

Full-length cDNA and genomic sequences cloning

F2 GTTCTAAGCATACCTACGGGAGTCA 1,406/

3,112R2 GGGTTTGCCAAGTCACTCACA

Real-time PCR

F3 GTGTGAGTGACTTGGCAAACCC 108

R3 GACATCAGCAGTGGAGAAGAGGA

F4 ACATCCGCAAGGACCTGTACTC 163

R4 CCGATCCACACGCTGTACTTG

pYFAD6 construction

F5 GAATTCACCATGCAGGCAACAGTCGCGT 1,293

R5 CTCGAGTTACATGTTGTTGGGCAGCACC

F Forward, R reverse
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distilled, deionized water to remove salts before they were

centrifuged again.

Two pairs of gene-specific primers were designed

according to the CvFAD6 cDNA (F3 and R3) and b-actin

sequences (F4 and R4, Table 1). Standard curves for

CvFAD6 and b-actin genes were generated by tenfold

serial dilutions (105–1010 copies/lL) of each plasmid DNA

to select the optimum dilution degree for qRT-PCR. PCR

products were quantified continuously with ABI 7900

Real-Time PCR System (Applied Biosystems) using SYBR

Green fluorescence (Takara) according to the manufac-

turer’s instruction. Control reactions were amplified with

an RNA template but without reverse transcriptase. The

relative amounts of CvFAD6 RNA were normalized to the

respective b-actin transcripts. The 2-delta delta CT method

[24] was used to analyze qRT-PCR data.

Nucleotide Sequencing and Accession Number

The nucleotide sequences of CvFAD6 genomic and cDNA

have been deposited and assigned the accession number

GQ175317 and FJ774004 in the EMBL/GenBank/DDBJ

database.

Results

Cloning and Characterization of the CvFAD6 Gene

A 470 bp cDNA fragment was generated by RT-PCR with

degenerate primers. The amplicon shared a 69% sequence

similarity to chloroplast D12 FAD genes from Chlamydo-

monas sp. W80 and Polytomella parva. It indicated that a

partial putative FAD6 had been isolated. Gene-specific

primers were further designed to obtain the full-length

CvFAD6. A 640 bp 50-RACE product and an 843 bp 30-
RACE product were amplified. The nucleotide sequences

of both products from RACE experiments shared an

overlap on flanking regions of the 50 or 30 ends of the

partial putative CvFAD6 cDNA fragment, suggesting that

these fragments are portions of the same gene. Sequence

analysis revealed that the cloned CvFAD6 cDNA was

1,615 bp in length, which contained a 1,272 bp open

reading frame, a 56 bp 50-untranslated region, and a 287 bp

30-untranslated region with the characteristics of the poly

(A) tail. An ATG translation initiation codon was identified

in the sequence of the 50 terminus (57–59 bp), and a TAA

termination codon was found 1,270 nucleotides down-

stream of the initiation site.

BlastX and BlastN searches combined with alignments

between CvFAD6 genome and CvFAD6 cDNA sequences

allowed us to identify the genomic organization. The result

indicated that CvFAD6 genomic sequence of 3,112 bp was

interrupted by nine introns. The sizes and splicing sites of

the exons were summarized in Fig. 1. There were canoni-

cal GT/AG splicing signals at the ends of the putative

introns. The 30 acceptor splice site is also preceded by

pyrimidine-rich sequences as is a common feature of

mRNA 30 splice sites.

Comparison with Other Desaturases

CvFAD6 encoded 423 amino acid residues with an esti-

mated molecular mass of 48.3 kDa and a theoretical iso-

electric point of 8.78. A Blast search revealed that the

primary structure of CvFAD6 showed 29 and 32% simi-

larity to its (EU596474) [7] and Chlorella C-27 micro-

somal D12 FAD (BAB78716) [25], respectively. However,

it was more similar to these of known plastidial D12 FAD,

with a 65% identity to C. reinhardtii (XP_001693068),

63% to Mesostigma viride (ABD58898), 53% to Descu-

rainia Sophia (ABI73993) and 54% to Arabidopsis thali-

ana (NP_194824). Thus, we deduced that CvFAD6

encoded a plastidial D12 desaturase rather than a micro-

somal one.

The distribution of the hydrophobic amino acids of

CvFAD6 was typical for a membrane protein, as identified

using the Kyte-Doolittle hydropathy scale [17]. The pre-

diction of TM helices by TMHMM indicated that the

deduced protein contained five hydrophobic domains

between amino acids 102–124, 129–148, 218–240, 255–

277 and 282–304, which would be long enough to span the

membrane bilayer twice, with the N-terminus facing the

cytosol. In addition, CvFAD6 had a transit peptide at

the N-terminus, which was a feature of plastidial desatu-

rases as represented by soybean gmFAD6 [26]. All these

observations suggested that CvFAD6 encoded a plastidial,

rather than a microsomal, D12 FAD.

Fig. 1 The complete gene structures of C. vulgaris NJ-7 FAD6. Exons are shown as boxes: black boxes are open reading frames, empty boxes are

50- or 30-untranslated regions
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A multiple sequence alignment of CvFAD6 against

similar plastidial D12 FAD highlighted conserved motifs

including FVVGHDC and FWMSTF against which the

degenerate primers were designed. Otherwise conserved

histidine boxes, HXXXXH (147–151), HXXHH (183–187,

345–349), HXXXXXH (234–239) and HHXXXH (302–

307), were found to located in hydrophilic regions sepa-

rated by long hydrophobic or membrane spanning regions.

The histidine-rich motifs, which were highly conserved

among membrane-bound acyl-CoA and acyl-lipid desatu-

rases, were proposed as forming the potential diiron active

site [27].

Phylogenetic Analysis

All tree topologies were highly congruent. Two major

clades were very well supported based on bootstrap values

(Fig. 2). All of the microsomal D12 FAD were grouped.

CvFAD6 was clustered within plastidial D12 FAD group.

Functional Analysis in S. cerevisiae

To validate the protein activity, pYFAD6 and empty vec-

tor, pYES2.0 (control), were expressed in S. cerevisiae

INVSc1. Compared with fatty acid profiles derived from

the control, pYFAD6 transformants showed a novel peak.

The novel peak corresponded to 18:2 which was produced

by D12 desaturation of 18:1D9. No 16:2 was detected,

indicating that CvFAD6 recognized only one substrate

(18:1) in yeast (Fig. 3). Different TM topologies of D12-

FAD were proposed which lead to different regioselectivity

[28]. D12-FAD from the Lentinula edodes [29] and Rhizo-

pus arrhizus [28] recognized only one substrate (18:1)

whereas D12-FAD from Phaeodactylum tricornutum [30],

Sapium sebiferum [31] and Chlorella C-27 [25] recognized

two substrates (16:1 and 18:1) while 18:1 was the preferred

substrate. Furthermore, the amount of 18:1 was found to be

reduced which can be explained by the conversion of 18:1

into 18:2 (Table 2). These results demonstrate directly that

CvFAD6 gene encodes a D12 fatty acid desaturase, which

converts 18:1 to 18:2.

Yeast is known to be the model of choice for the

functional characterization of microsomal FAD, because it

contains a physiological electron donor system (cyto-

chrome b5 and NADH-cytochrome b5 reductase) required

by such desaturases. However, it is surprising that a plas-

tidial oleate desaturase (FAD6), that uses ferredoxin as the

physiological electron donor, can be functionally expressed

in S. cerevisiae, where no ferredoxin is present. Never-

theless, the low desaturation levels evident from Fig. 3b

suggest activity of desaturases of plastidial origin. The

possible reason is that ferredoxin and NADPH-ferredoxin

reductase, are supplied to some extent with reducing

equivalents in yeast cells. It is consistent with the finding in

P. tricornutum [30].

Effects of Temperature and Salt Stress on the Growth

of C. Vulgaris and CvFAD6 Expression

Algal cells at the logarithmic phase were transformed with

different treatments: 4 �C ? 0% NaCl, 15 �C ? 0% NaCl,

25 �C ? 0% NaCl, 25 �C ? 3% NaCl, and 25 �C ? 6%

NaCl, with the starting optical density OD730 = 0.8, each

of these in triplicate. Cell density was monitored turbido-

metrically at 730 nm daily, and specific growth rates were

calculated using the equation l = (lnXt - lnX0)/t, where

X0 is the initial cell density, and Xt is the cell density after t

days [2]. The results signified that low temperature and

high salinity slowed down the growth of C. vulgaris NJ-7.

The growth rate at 4 �C ? 0% NaCl was lower than that at

15 �C ? 0% NaCl, and the latter was lower than that at

25 �C ? 0% NaCl (Fig. 4a); meanwhile, the growth rate at

25 �C ? 6% NaCl was lower than that at 25 �C ? 3%

NaCl while the latter was lower than that at 25 �C ? 0%

NaCl (Fig. 4b). And 25 �C ? 6% NaCl had the most

serious effects on its growth. Next were 4 �C ? 0% NaCl,

and 25 �C ? 3% NaCl (Fig. 4c).

Considering the changing profiles of 18:2 fatty acid and

the preliminary experiments [7], we chose an interval of

36 h for stress treatment. Then algae were harvested for

first strand cDNA synthesis.

The gene expression patterns of CvFAD6 in C. vulgaris

NJ-7 were analyzed by qRT-PCR. b-Actin [7] was used as

a reference for total RNA. b-Actin PCR product was not

detected when reverse transcriptase was omitted, indicating

that the RNA template was free of genomic DNA. The data

Fig. 2 Neighbor-joining phylogram showing relation of D12 FAD and

related desaturases based on amino acid sequences. Bootstrap analysis

of 1,000 randomized sequence replicates was performed; Sequences

shown are: ABI73993-D. Sophia, NP_194824-A. thaliana, L29215-

Glycine max, ABD58898-M. viride, XP_001693068-C. reinhardtii,
FJ774004-CvFAD6, NP_441489-Synechocystis sp. PCC 6803 DesA,

AAO37754-Punica granatum, P48631-Glycine max, XP_001691669-

C. reinhardtii, AB075526-Chlorella C-27, EU596474-CvFAD2
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revealed that temperature and salt concentration regulated

the accumulation of CvFAD6 gene transcripts. Transcript

accumulations remained relatively constant when algae at

25 �C were transferred to 15 �C. However, transcript

accumulation increased significantly at 4 �C, more than

fourfold than that at 25 �C (Fig. 5). CvFAD6 was

expressed abundantly under salt stress, twofold at 3% NaCl

and 20-fold at 6% NaCl (Fig. 5). Thus NaCl was related to

the upregulation of CvFAD6 mRNA levels. A higher

expression pattern under salt stress suggested a correlation

between the level of membrane desaturation and salt

concentration.

Discussion

A novel plastidial D12 fatty acid desaturase from Antarctic

C. vulgaris NJ-7 was isolated using RT-PCR with degen-

erate primers designed from conserved motifs and RACE

methods. The isolated protein was found to contain features

Fig. 3 GC of FAME of

recombinant yeast harboring

pYES2 (control, a) and

pYFAD6 containing the

CvFAD6 gene (b). The

transformants at logarithmic

phase were grown for 48 h at

15 �C, and FAME from whole

cells were prepared and

analyzed by gas

chromatography (GC) as

indicated in ‘‘Materials and

Methods’’. The experiment was

repeated twice and results of a

representative experiment are

shown

Table 2 Composition of the major fatty acids (% w/w) of pYES2 and

pYFAD6 yeast transformants by GC–MS analysis

Transformant 14:0 16:0 16:1 16:2 18:0 18:1 18:2 21:1

pYES2 0.67 19.19 34.84 ND 9.86 31.86 ND 2.63

pYFAD6 1.13 25.45 35.77 ND 9.78 25.78 2.08 ND

ND Not detected
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characterizing membrane-bound D12 FAD including

membrane-spanning regions separating conserved histidine

boxes.

Phylogenic analysis suggested that CvFAD6 was a

group with confirmed and putative plastidial D12 FAD. The

result was further supported by the predication of a transit

peptide at the N-terminus. Moreover DesA from Syn-

echocystis sp. PCC 6803 was found to be closely related

with plastidial D12 FAD (Fig. 2). Though the peptide

length of DesA was dramatically shortened, FVVGHDC

and FWMSTF motifs and four of the five histidine boxes

were conserved. Thus we believe that plastidial D12 FAD in

eukaryotes have a prokaryotic origin.

To validate the protein activity, the putative D12 FAD

was expressed in S. cerevisiae. Linoleic acid (18:2), nor-

mally not present in wild-type yeast cells, was detected in

pYFAD6 transformants. It indicated that the isolated gene

encodes a functional D12 enzyme.

qRT-PCR analysis clarified that the transcripts of

CvFAD6 accumulated at different rates during the changes

of temperature and salinity. Both cold and high salinity

stress led to a higher amount of transcripts. Although the

temperature change from 25 to 4 �C resulted in fourfold

increase of transcripts, 25 to 15 �C had no effects on the

accumulation of CvFAD6. It signified that CvFAD6 played

roles in lower temperature around the freezing point.

Additionally it implied that the microalga employed other

mechanisms to overcome intermediate temperature shifts

[7]. The response profile of CvFAD6 is different from that

of the microsomal D12 FAD, CvFAD2 [7]. Its mRNA

increased when alga was transfer from 25 to 15 �C or 4 �C

after 36 h. Moreover, growth of C. vulgaris NJ-7 was most

seriously affected by 6% NaCl whereas CvFAD6 mRNA

Fig. 4 Effects of temperature and salinity on the growth of C. vulgaris
NJ-7. Algae at the logarithmic phase were divided into five treatments.

The treatments are as follow: 25 �C, 0% (w/v) NaCl (control); 15 �C,

0% NaCl; 4 �C, 0% NaCl; 25 �C, 3% NaCl; 25 �C, 6% NaCl.

Turbulence was monitored by determining OD730 every 24 h. a growth

curve at different temperature; b growth curve at different concentra-

tion of NaCl; c growth rates of C. vulgaris NJ-7 which were calculated

using the equation l = (lnXt - lnX0)/t, X0 is the initial cell density,

and Xt is the cell density after t days. Data are presented as

means ± SDs (n = 3). See ‘‘Materials and Methods’’ for details

Fig. 5 Real-time-PCR quantification of the CvFAD6 mRNA levels

under different stresses. Algae at logarithmic phase were divided into

five treatments: 25 �C, 0% (w/v) NaCl (control); 15 �C, 0% NaCl;

4 �C, 0% NaCl; 25 �C, 3% NaCl; 25 �C, 6% NaCl. After an interval

of 36 h, algae were harvested and the real-time PCRs were employed

to quantify the relative amounts of CvFAD6 transcripts. Data are

presented as the mean ± SD (n = 3). Bars with different letter
indicate that means are significantly different (P \ 0.05)
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accumulated more than 20-fold at 6% NaCl. mRNA of

CvFAD6 accumulated more dramatically than CvFAD2

(8.5-fold) for 6% NaCl induction. It signifies that they

respond differently to stresses, at least in different degree.

CvFAD2 initiates transcription accumulation in response to

major or intermediate temperature shifts whereas CvFAD6

was only upregulated under freezing temperature stress [7].

Otherwise, the latter is more sensitive to salinity change. In

addition, high salinity showed more notably stimulative to

CvFAD6 expression than low temperature though the

change of 18:2 was not so dramatic. It may be because of

low translation rate or a decrease of enzyme activity at high

salinity. Sea water freezes at approximately -1.8 �C

(salinity of 3.4%), and the salts contained within the water

are expelled from the growing ice crystal matrix. When ice

forms from freshwater, the result is a hard brittle solid with

the primary inclusions being gas bubbles. In contrast when

sea water freezes the resultant ice is a semisolid matrix,

permeated by a labyrinth of brine filled channels and pores.

The volume of ice occupied by the brine channels is

directly proportional to the temperature of the ice, as are

the brine concentrations within the channels. The higher

concentration the salt is, the lower the ice-point is. Brine

channel walls constitute large surface areas that can be

colonized by algae and used as sites for attachment and

locomotion [1]. Thus high salinity slows down the ice

formation of ambient sea water meanwhile high salinity

impedes the formation of an ice crystal matrix within

Antarctic C. vulgaris NJ-7. Salt stress induced increases in

the UFA was also observed in fungus for the sake of

adaptation to a wide range of NaCl concentrations [32].

Decreases in the palmitic fatty acid (C16:0), together with

increases in the linoleic fatty acid resulted in the mainte-

nance the correct membrane fluidity at high salinity [33].

To our knowledge, it is the first time that a plastidial D12

desaturase gene has been found that is induced by both low

temperature and high salinity. Therefore the CvFAD6 of

plasma membrane involved in the acclimation to the dra-

matically changing ambience of Antarctic Chlorella NJ-7.

Moreover, CvFAD6 could be further utilized in plant

genetic engineering to enhance cold and high salinity tol-

erance [34] and improve the oleic acid content [35–37].

In conclusion, we isolated the salinity- and cold-induc-

ible fatty acid desaturase CvFAD6. CvFAD6-expressing

transgenic yeast showed a novel peak of 18:2. Real-time

PCR analysis revealed that CvFAD6 was involved in dif-

ferent stress responses in a different manner. The changing

profile of CvFAD6 mRNA levels is not coincident with the

change of 18:2 fatty acid. We believe that the response

process of C. vulgaris NJ-7 to stresses is a network where

CvFAD6 is involved. Stresses alter gene expression posi-

tively or negatively in a regulatory network with syner-

gistic and antagonistic effects. Stress responses require the

coordinated interaction of many factors. Several players

regulate crosstalk and allow the alga to fine-tune specific

responses to different stimuli. The functions of stress-

related genes are not unvaried and are stress- and time-

dependent. However, we only concentrated on transcripts

accumulation, the result cannot be used to determine the

change of enzyme activity. Further research should con-

sider the FAD profiles from post-transcription and trans-

lation levels. Large scale studies of the genome sequences

of cold or high salinity-adapted organisms [38–42] will

step up the clarification of the role of fatty acids in freezing

and salt tolerance.
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Abstract Bdellovibrionales is a phylogenetically

diverse group of predatory prokaryotes, which consists of

the two families Bdellovibrionaceae and Bacteriovorac-

aceae. We describe LPS and lipid A of the type strain

Bacteriovorax stolpii DSM 12778, representing the first

characterized endotoxin of a Bacteriovoracaceae mem-

ber. It has a smooth form LPS, which was identified by

SDS-polyacrylamide gel electrophoresis. The lipid A

structure was determined by combined gas chromatog-

raphy–mass spectrometry, electrospray ionization mass

spectrometry and NMR spectroscopy. Its backbone

consists of two b-(1 ? 6)-linked 2,3-diamino-2,3-dide-

oxy-D-glucopyranoses (GlcpN3N) carrying a pyrophos-

phoethanolamine at O-40 of the non-reducing sugar and a

phosphate group linked to O-1 of the reducing GlcpN3N.

Positions 2, 3, 20 and 30 of the two GlcpN3N are acyl-

ated with primary 3-hydroxy fatty acids and one of those

carries a secondary fatty acid.

Keywords Bdellovibrionales � Bacteriovorax �
Endotoxin � Lipid A � Mass spectrometry �
NMR spectroscopy � Predatory prokaryotes

Abbreviations

BALOs Bdellovibrio-and-like organisms

CID Collision induced dissociation

COSY Correlation spectroscopy

ESI–MS Electrospray ionization–mass spectrometry

EXSY Exchange spectroscopy

FTICR MS Fourier transform ion cyclotron resonance

mass spectrometry

GC–MS Gas chromatography–mass spectrometry

GlcpN3N 2,3-diamino-2,3-dideoxy-D-glucopyranose

HMBC Heteronuclear multiple bond coherence

HMQC Heteronuclear multiple quantum coherence

LPS Lipopolysaccharide

MALDI-ToF Matrix assisted laser desorption/ionisation-

time of flight mass spectrometry

NMR Nuclear magnetic resonance

NOESY Nuclear Overhauser effect spectroscopy

PI Phosphate residue at C-1 of the reducing

sugar GlcpN3NI

PII Phosphate residue at C-4 of the non-

reducing sugar GlcpN3NII

PEtN Phosphoethanolamine

R-form LPS Rough form lipopolysaccharide

ROESY Rotating frame nuclear Overhauser effect

spectroscopy

SDS-PAGE Sodium dodecylsulfate polyacrylamide gel

electrophoresis

S-form LPS Smooth form lipopolysaccharide

TOCSY Total correlation spectroscopy
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Introduction

Bdellovibrionales, also referred to as Bdellovibrio-and-

like organisms (BALOs), are predatory prokaryotes

causing lysis of other Gram-negative bacteria by invading

and replicating within their periplasm [1–3]. Despite this

unique and similar predatory lifestyle as well as common

morphological features among predatory prokaryotes,

genetic analyses revealed distinct differences. At present

the two families Bdellovibrionaceae and Bacteriovoraca-

ceae constitute the order Bdellovibrionales [4–8]. The

type strain Bdellovibrio bacteriovorus HD100 (DSM

50701) is a well-studied representative of Bdellovibrion-

aceae [3, 6–10]. It is an obligate predator with an

essential requirement of living prey cells for growth and

replication [9]. Its lipid A is very different from other

bacteria, since charged groups are completely lacking.

This uncommon structure is supposed to be the main

reason for the unique biophysical properties and a

decreased endotoxic activity of the lipopolysaccharide

(LPS) [10]. As the encounter of predators with prey

bacteria occurs through surface structures of the outer

membrane, the unusual lipid A could also be a pre-

requisite for the predatory lifestyle.

In contrast, the type strain Bacteriovorax stolpii (DSM

12778), a typical representative of the family Bacteriovo-

racaceae, is a facultative predator capable of growing

intracellularly within prey bacteria or extracellularly in rich

media [11, 12]. Without the obligate need of living prey

cells, B. stolpii is an interesting candidate for therapeutic

applications. It has been shown that the cell wall of

B. stolpii possesses unusual sphingophosphonolipids

[13–15]. Furthermore, outer membrane proteins show some

high strain specificities in comparison to other predators

like B. bacteriovorus or Peredibacter starrii [16]. Thus,

structure determination of the B. stolpii lipid A is of special

interest. In particular, comparison with the B. bacteriovo-

rus lipid A might allow identification of specific motives in

taxonomically distinct groups of predatory bacteria and

enable a better understanding of processes involved in the

attachment and penetration of predatory prokaryotes.

In continuation of our previous work we now examined

the LPS and lipid A of the facultative predatory strain

B. stolpii.

Experimental Procedures

Bacterial Growth and Lipopolysaccharide Extraction

Bacteriovorax stolpii (DSM 12778, ATCC 27052) was

grown in peptone yeast extract medium (ATCC 526) at

30 �C for 3–5 days. Each batch was checked by 16S rDNA

amplification, followed by restriction pattern analyses of

the resulting amplicons [8]. Cells were harvested by cen-

trifugation, washed twice in 2% phenol, ethanol and ace-

tone and dried in a rotary concentrator. The yield was

12.8 g bacteria (dry weight) from 27 L culture. The pellet

was resuspended in 100 mL bidistilled water and nucleic

acids were degraded by addition of RNAse A, DNAse I and

incubation at 37 �C for 16 h with gentle stirring. Addi-

tionally, Proteinase K was added and the mixture was

incubated for 8 h at 37 �C. The resulting suspension was

dialyzed for 48 h at room temperature and lyophilized. The

phenol/chloroform/light petrol ether (2:5:8, v/v/v) method

was used for LPS extraction [17]. Crude LPS was precip-

itated from the extract by dropwise addition of ethanol. The

precipitate was further purified by addition of RNase A,

DNase I and incubation at 37 �C for 16 h and additionally

treated with Proteinase K. The resulting suspension was

dialyzed against bidistilled water and lyophilized to yield

645 mg of LPS.

Gel Electrophoresis of LPS

For gel electrophoresis of LPS, the gel system according to

Laemmli was used [18]. Samples were suspended in

loading buffer, boiled for 10 min, and separated at 20 mA

on a 12% (w/v) polyacrylamide gel at 8 �C. Gels were

stained by the oxidative silver staining protocol [19].

Isolation and Derivatisation of Lipid A

Lipid A of B. stolpii was obtained by mild acidic hydro-

lysis of LPS. One hundred and eighty milligrams of LPS

were suspended in 1% acetic acid to a final concentration

of 7 mg mL-1 and heated to 100 �C for 120 min. The

mixture was cooled on ice, followed by centrifugation at

4 �C for 10 min at 12,0009g. The precipitate was washed

in bidistilled water and acetone, resuspended in bidistilled

water and lyophilized to yield 63 mg of lipid A. Dephos-

phorylated lipid A was obtained by suspending 50 mg of

lipid A in 10 mL of hydrofluoric acid (48%) and stirring

for 48 h at 4 �C. The reaction mixture was directly dia-

lyzed against bidistilled water and lyophilized to yield

38 mg of dephosphorylated lipid A.

Fatty Acid Analysis

Fatty acids were analyzed as their corresponding methyl

esters. A 1-mg sample of lipid A or LPS was dissolved in

2 M HCl in methanol (500 lL) and heated to 100 �C for

16 h. The mixture was dried using a gentle stream of

compressed nitrogen and fatty acid methyl esters were

extracted by partitioning between bidistilled water (50 lL)

and chloroform and extraction with chloroform (three

190 Lipids (2010) 45:189–198

123



times, 100 lL each). The combined extracts were dried and

redissolved in 50 lL chloroform. A 1-lL sample was

analyzed by gas chromatography–mass spectrometry

(GC–MS).

Gas chromatography–mass spectrometry was performed

on an electron impact ionization Hewlett Packard mass

spectrometer G1800A with a fused silica capillary column

(HP-5MS, 30 m, inner diameter 0.25 mm, film thickness

0.25 lm). Hydrogen was used as the carrier gas at a flow

rate of 1 L h-1 and the initial GC temperature was 150 �C

for 3 min, then raised to 320 �C at 5 �C min-1. Relative

abundances were determined from the corresponding peak

areas, while the fatty acid methyl ester Mix GLC-80

(Supelco) was used as external standard.

Sugar Analyses

For qualitative analyses, the sugars were converted into

their alditol acetates after hydrolysis of lipid A, reduction

with sodium borohydride and peracetylation, according to

previously described procedures [20]. Determination of the

absolute configuration of sugars was carried out by anal-

yses of the corresponding acetylated (S)-2-butylglycosides

[21, 22]. The temperature program for sugar analyses was

identical as in the case of fatty acid methyl ester analyses.

Mass Spectrometry

Matrix-assisted laser desorption ionization time-of-flight

mass spectrometry (MALDI-ToF MS) of intact LPS was

performed on a Voyager DE mass spectrometer (Applied

Biosystems) in delayed extraction mode. LPS was dis-

persed in bidistilled water to a concentration of

10 mg mL-1 and directly mixed on target with an equal

volume of saturated dihydroxy benzoic acid solution in

water/acetonitrile (1:1, v/v). Mass spectra were calibrated

externally by using LPS preparations from Escherichia

coli K-12 (DSM 423) with known chemical structure

[23].

Electrospray ionization-Fourier transform ion cyclotron

resonance mass spectrometry (ESI-FTICR MS) was per-

formed on a Finnigan LTQ FTMS (Thermo Electron)

equipped with a 6-T superconducting magnet. Samples

were dissolved in a mixture of chloroform/methanol/water

(100:75:15, v/v/v) to a concentration of about 10–20 lg

mL-1, treated with Amberlite IR-120 cation exchanger, a

flow rate of 3 lL min-1 was used. The spray voltage was

4.3 kV (positive ESI) or 4.0 kV (negative ESI). The

nitrogen sheath gas flow rate was 15 arb and the transfer

capillary temperature remained at 200 �C during all

measurements. Transfer optics and lenses were optimized

by automatic tuning. All spectra were acquired with a

resolution of 100,000.

Nuclear Magnetic Resonance Spectroscopy

Fully protonated lipid A was obtained by suspending

2.0 mg lipid A in 2 mL distilled water, increasing the pH to

*9 by addition of 0.36 M aqueous triethylamine, and

decreasing of the pH to *2 by addition of 0.1 M HCl. The

precipitate was isolated by centrifugation (2,0009g,

10 min) and dissolved in 3 mL chloroform/methanol (4:1,

v/v). After washing three times with 5 mL distilled water

and removal of the solvent at *20 mbar, all exchangeable

protons were replaced by deuterium dissolving lipid A in

3.0 mL of chloroform-d/methanol-d4 (2:1, v/v) and drying

in a stream of nitrogen. The lipid A was dried over P4O10

(*0.1 mbar) and dissolved in 0.5 mL chloroform-d/

methanol-d4 (2:1, v/v). The dephosphorylated lipid A

was treated in the same way and dissolved in 0.5 mL

pyridine-d5/methanol-d4 (2:1, v/v).

NMR spectra were measured at 315 K ± 0.05 K on

Bruker AV600 and DRX600 spectrometers using the

XWINNMR 2.6 and Topspin 1.3 software, respectively.

Irradiation and measurement frequencies were 600.13 MHz

(1H), 242.94 MHz (31P) and 150.1 MHz (13C). One

dimensional 1H, 31P, and 13C spectra were recorded and

Fourier transformed to spectra with 7,250 Hz (1H),

25,000 Hz (31P), and 32,000 Hz (13C). Two dimensional

spectra (COSY, NOESY, ROESY, TOCSY and HMQC)

were recorded with a spectral width of 7,250 Hz for 1H and

32,000 Hz for 13C. Selected parameters for 2D NMR

experiments: TOCSY, mixing time 70–100 ms. NOESY,

mixing time 200 and 400 ms. ROESY, mixing time

225 ms. Tetramethylsilane (dH 0.00 ppm, dC 0.0 ppm),

methanol (dH 3.35 ppm, dC 49.0 ppm) or DMSO (dH

2.25 ppm, dC 39.4 ppm) were used as internal standards.

Results

SDS-PAGE and Mass Spectrometry of LPS

The B. stolpii lipopolysaccharides (LPS) showed an S-form

pattern in SDS-PAGE analyses (see Supplementary Mate-

rial). In addition to the typical O-antigen ladder, two major

abundant bands were apparent from the gel separation.

These two bands likely correspond to R-forms of the iso-

lated LPS. Furthermore, the LPS was subjected to ESI-

FTICR MS, however, no conclusive data was obtained in

positive as well as in negative ionization mode. This was

most likely caused by the high chemical diversity of the

LPS, as apparent from the SDS-PAGE analyses. The neg-

ative MALDI-ToF spectrum of the LPS (see Supplemen-

tary Material) showed lipid A derived signals in the range

of m/z 1,500–1,800 as the most abundant signals, as iden-

tified by ESI–MS experiments of lipid A (see below).
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The high abundance of lipid A derived signals in MALDI-

ToF analyses most probably resulted from laser-induced

fragmentations of LPS species.

Compositional Analysis of B. stolpii Lipid A

The analyses of alditol acetates in combination with the

analyses of acetylated (S)-2-butylglycosides of sugars

revealed that the lipid A exclusively harbors 2,3-diamino-

2,3-dideoxy-D-glucopyranoses (GlcpN3N) as sugar moie-

ties, similar to the lipid A of B. bacteriovorus [10]. The

GC–MS analyses of fatty acid methyl esters confirmed that

non-hydroxylated and 3-hydroxy fatty acids are present in

the LPS of B. stolpii. No unsaturated fatty acids or other

hydroxy fatty acids were present in the LPS. For the

non-hydroxylated fatty acids, dodecanoic acid (12:0),

11-methyl dodecanoic acid (iso-13:0), tetradecanoic acid

(14:0) and 13-methyl tetradecanoic acid (iso-15:0) were

identified. While 11-methyl dodecanoic acid is the most

abundant non-hydroxylated fatty acid, a wider distribution

was found for the 3-hydroxylated fatty acids (Table 1). No

3-hydroxy dodecanoic acid was found in these experi-

ments. All fatty acid analyses were performed with lipid A

and LPS of B. stolpii, while no differences were detected.

Mass Spectrometry of B. stolpii Lipid A

In the mass spectrum of negative ions (Fig. 1a) several

groups of signals differing in the mass of one methylene

group (CH2, 14.015 u) were detected. The most intense

signals, those of the singly charged ([M–H]-) group of

signals around m/z 1,612.075, were assigned to lipid A

consisting of a 2,3-diamino-2,3-dideoxyglucopyranose

(GlcpN3N) disaccharide carrying two phosphate groups

and five fatty acids (LApentaP
IPII). The signals around

m/z 1,735.085 correspond to the deprotonated species

([M–H]-) of the penta-acylated lipid A carrying two

phosphate groups and one phosphoethanolamine (PEtN)

group (LApentaP
IPIIPEtN). The fatty acid distribution for

the LApentaP
IPIIPEtN species is shown in Table 2. A series

of ions around m/z 1,627.090 could be identified as penta-

acylated lipid A with one phosphate group and a PEtN

group (LApentaP
IIPEtN). The signals around m/z 1,532.114

resulted from penta-acylated lipid A species substituted

with one phosphate group only (LApentaP
I or LApentaP

II).

LApentaP
IPII, LApentaP

IIPEtN and LApentaP
IPIIPEtN could

also be detected as doubly charged ions. The base signals

for these three groups were m/z 805.538 for LApentaP
IPII,

m/z 813.047 for LApentaP
IIPEtN and m/z 867.042 for

LApentaP
IPIIPEtN.

Collision induced dissociation (CID) of the negatively

charged species at m/z 1,735.086 (LApentaP
IPIIPEtN)

resulted in the loss of a phosphoethanolamine residue

(PEtN, C2H6NO3P, 123.008 u) or of a phosphate group

(H3PO4, 97.976 u), while fragmentation of the species

around m/z 1,612.075 (LApentaP
IPII) only resulted in the

dominant loss of a phosphate group (H3PO4, 97.976 u).

Additionally, in all these fragmentation experiments the

loss of 214.193 u, corresponding to the elimination of a

13:0 fatty acid, was observed. For CID of the cluster at m/z

1,532.114 (LApentaP
I/LApentaP

II) the elimination of a 13:0

fatty acid residue has been the most abundant fragmenta-

tion, while in no cases additional fragmentations were

apparent that allowed the unambiguous determination of

the fatty acid distribution.

In the positive ion spectrum (Fig. 1b), the same

molecular species, apart from LApentaP
I/LApentaP

II, could

be identified as protonated [M ? H]? or sodiated ions

[M ? Na]?. The signals around m/z 1,516.117 originated

from fragmentation of the LApentaP
IPII ions [loss of a

phosphate group (H3PO4, 97.976 u)]. Additionally to these

signals, singly charged ions in the range of m/z 850–1,050

could be detected and were assigned to the corresponding

B-ions. The ions around m/z 1,026.652 represented the

non-reducing sugar part of the lipid A of B. stolpii, con-

sisting of the GlcpN3NII sugar moiety carrying three fatty

acids, one phosphate and one PEtN group (BtriP
IIPEtN).

Based on these findings the PEtN group of the lipid A of

B. stolpii could clearly be located at the non-reducing sugar

of the disaccharide backbone. The signals around m/z

903.643 originated from B-ion fragment ions carrying one

phosphate group and three fatty acids (BtriP
II) (B-fragment

nomenclature according to Domon et al. [24]).

MS/MS experiments of B-ions in positive ESI–MS

proved that a secondary fatty acid, which is linked to the

3-hydroxy group of a primary fatty acid, is present at the

non-reducing sugar part of the lipid A. Furthermore, these

analyses showed that 11-methyl dodecanoic acid (iso-13:0)

is the dominant secondary fatty acid in the investigated

lipid A, since in all these experiments the loss of 196.182

or 214.193 u has been the most abundant fragmentation for

Table 1 Relative abundances of fatty acids in LPS of B. stolpii as

determined by GC–MS analyses of fatty acid methyl esters

Relative abundance (%)

Non-hydroxy fatty acids

12:0 3

iso-13:0 77

14:0 12

iso-15:0 9

Hydroxy fatty acids

3-OH iso-13:0 18

3-OH 14:0 46

3-OH iso-15:0 37
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B-ions. Fragmentation experiments of the [M ? H]? sig-

nals around m/z 1,737.100 (LApentaP
IPIIPEtN) resulted in

the dominant formation of the corresponding B-ions

(Table 2). In the positive ion spectrum of the dephospho-

rylated lipid A of B. stolpii (Fig. 1c), only two groups of

ions were present: LApenta (m/z 1,454.158) and Btri (m/z

823.677).

An unambiguous assignment of the primary fatty acid

residues linked to the amino groups at positions 2 and 3 of

the two GlcpN3N was not possible as previously reported

Fig. 1 ESI-FTICR mass

spectra of B. stolpii lipid A:

negative (a) and positive (b)

ions, as well as the positive ions

ESI-FTICR mass spectrum of

dephosphorylated lipid A of

B. stolpii (c)
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[25, 26]. Nevertheless, an assignment of fatty acid residues

according to accurate masses from ESI-FTICR MS mea-

surements could be made (Table 2). In agreement with the

GC–MS analyses of fatty acid methyl esters (Table 1), the

two primary fatty acids bound to GlcpN3NII were assigned

from the masses of B-ions in FTICR MS experiments.

Additionally, the two primary fatty acids bound to

GlcpN3NI were assigned from the determined neutral los-

ses in MS/MS experiments, being in good agreement with

the data of the chemical component analyses.

NMR Spectroscopy of B. stolpii Lipid A

NMR spectra of unmodified lipid A showed relative poor

line resolution independent of the used solvent systems [27,

28]. In particular, solvents generally suitable for measure-

ments of lipid A carrying phosphoethanolamine groups

(PEtN) caused signals with relatively large line widths at

half height ([10 Hz) [29, 30]. In order to circumvent this

problem, the sugar moiety and the fatty acid substitution

pattern have been analyzed on dephosphorylated lipid A,

prepared by reaction with hydrofluoric acid. The dephos-

phorylation was verified by ESI-FTICR MS (Fig. 1c) and

the NMR spectra have been performed in pyridine-d5/

methanol-d4 (2:1, v/v) at 315 K with reasonable resolution.

The sugar moiety of B. stolpii lipid A was proven to consist

of two GlcpN3Ns with a b-(1 ? 6) interglycosidic linkage.
1H and 13C chemical shifts of GlcpN3NII indicated a

2,3-diamino-2,3-dideoxy glucopyranose structure, which is

diacylated in positions 2 and 3 (Table 3). The 3JH–H

coupling constants of H-20, H-30, H-40 and H-50 in

GlcpN3NII were in the range of 10–12 ppm, thus, proving

the b-glucopyranose configuration. The b-anomeric con-

formation was assigned from the 3JH10–H20 coupling con-

stant (8.7 Hz) and the (1 ? 6) interglycosidic linkage

was determined by 13C chemical shift of C-6 in GlcpN3NI

(Table 3). The reducing GlcpN3NI also showed typical

shifts (Table 3) and 3JH–H coupling constants of a

2,3-diacylated 2,3-diamino-2,3-dideoxy glucopyranose

structure. Remarkable, although the anomeric position of

GlcpN3NI was dephosphorylated, over 90% of the lipid

A was present in the a-anomeric form (3JH1–H2 =

3.2 Hz). 1H and 13C chemical shifts of the GlcpN3NII

(1 ? 6)GlcpN3NI sugar moiety are listed in Table 3 and

spectra are shown in Fig. 2.

The integral of ca. 150 aliphatic protons in the 1H

spectrum indicated the presence of five fatty acids which

correlated with results from GC–MS and ESI-FTICR MS.

An assignment of the complete fatty acids by NMR was not

possible due to overlapping signals. However, 1H NMR

shifts of protons in position 2, 3, and 4 of all 3-hydroxy

fatty acids were assigned (Table 4). Thereby the absolute

configuration of position 3 is most likely to be (R) in all

cases, comparable to all other yet studied lipid As [31].

Integrals over the signals of the hydroxy fatty acids of the

dephosphorylated lipid A indicated about 60% to be

3-hydroxy fatty acids with a free OH-group, *20% to be

3-hydroxy fatty acids carrying a secondary fatty acid,

Table 2 Fatty acid distributions and relative abundances of monophosphorylated B-ions (BtriPII) of molecular species of lipid A of B. stolpii

Molecular speciesa Relative abundances of observed

monophosphorylated B-ionsb
Fatty acid distributionsc

m/z [M ? H]? m/z [M–H]- m/z
861.60

(%)

m/z
875.61

(%)

m/z
889.63

(%)

m/z
903.64

(%)

m/z
917.66

(%)

Secondary

fatty acid

bound to

GlcpN3NII

Primary

fatty acids

bound to

GlcpN3NII

Primary

fatty acids

bound to

GlcpN3NI

1709.069 (1709.069) 1707.053 (1707.053) 21 58 20 0 0 iso-13:0 3-OH iso-13:0 3-OH 14:0

3-OH 14:0 3-OH 14:0

1723.083 (1723.084) 1721.068 (1721.069) 8 29 54 10 0 iso-13:0 3-OH 14:0 3-OH 14:0

3-OH 14:0 3-OH 14:0

1737.100 (1737.100) 1735.085 (1735.084) 2 11 49 36 2 iso-13:0 3-OH 14:0 3-OH 14:0

3-OH 14:0 3-OH iso-15:0

1751.114 (1751.116) 1749.100 (1749.100) 3 9 14 62 12 iso-13:0 3-OH 14:0 3-OH 14:0

3-OH iso-15:0 3-OH iso-15:0

1765.130 (1765.131) 1763.119 (1763.116) 0 12 32 36 19 iso-13:0 3-OH 14:0 3-OH iso-15:0

3-OH iso-15:0 3-OH iso-15:0

a Experimental and theoretical values (in brackets) are given
b Relative abundances of B-ions were estimated from MS/MS experiments of positive ions
c Secondary fatty acid distributions were deduced from fragmentation experiments of B-ions, primary fatty acid distributions of GlcpN3NII were

calculated from most abundant B-ions (italics) of the corresponding molecular species and the fatty acid distribution of GlcpN3NI was

determined from neutral losses in MS/MS experiments

194 Lipids (2010) 45:189–198

123



and *20% to be non-hydroxy fatty acids. This is in good

agreement with the mass spectrometric results. The non-

hydroxy fatty acids showed four different signal groups,

which indicated variations in their conformation and

configuration.

Additionally, chemical shifts of the different terminal

ends of the fatty acids were determined. In branched fatty

acids the CH3 groups (x) had dH = 0.80 ppm and

dC = 13.4 ppm, while the neighboring CH groups (x - 1)

had a dH = 1.19 ppm and dC = 38.1 ppm. These shifts

differed from the ones of the unbranched fatty acids (CH3

(x): dH = 0.78 ppm and dC = 13.2 ppm; CH2 (x - 1):

dH = 1.44 ppm and dC = 37.0 ppm). Comparison of the

different 1H NMR signal intensities of these partly over-

lapping signal groups proved the nearly equal occurrence

of branched and unbranched fatty acids (Table 1, Fig. 3).

1D and 2D 1H spectra as well as 1D 31P spectra have

been recorded in CDCl3/methanol-d4 (4:1) at 305 K for

further analysis of the intact lipid A. Although spectra

showed a relatively poor line resolution, they allowed

completion of the structure determination. The anomeric

signal of GlcpN3NI, identified in COSY had the charac-

teristic down field shift of a phosphorylated a-anomeric

form (*5.5 ppm) and the phosphate group (PI, –O–PO3H)

had therefore to be located in this position (a-D-GlcpN3NI-

(1 ? PI)). In GlcpN3NII the positions 1, 2 and 3 were

occupied by the interglycosidic linkage to GlcpN3NI and

Table 3 Proton and carbon chemical shifts of the sugar backbone of

the dephosphorylated lipid A of B. stolpii

H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6a/C6 H6b

GlcpN3NI

d 1H (ppm) 4.89 4.59 4.72 3.79 4.08 4.21 4.36

d 13C (ppm) 104.0 54.9 57.3 79.5 70.1 62.1

GlcpN3NII

d 1H (ppm) 5.63 4.62 5.07 4.32 4.59 4.62 4.44

d 13C (ppm) 91.7 54.0 53.8 68.7 72.3 68.8

Fig. 2 Parts of 1H, TOCSY, and 1H/13C HMQC spectra of dephos-

phorylated B. stolpii lipid A. Assignment of the signals are given

according the common carbohydrate nomenclature (I = GlcpN3NI;

II = GlcpN3NII). Signals of hydroxy fatty acids with acylated

OH-group are indicated with ‘‘A’’ and signals of hydroxy fatty acids

with free OH-group are indicated with ‘‘B’’. The according shift

values are listed in Tables 3 and 4

Table 4 Proton chemical shifts [d 1H (ppm)] of position 2, 3, 4, and

5 in all primary 3-hydroxy fatty acids (FA-1–FA-4) of the dephos-

phorylated lipid A of B. stolpii

H2a/b H3 H4a/b H5a&b

3-OH fatty acids carrying a secondary fatty acid

FA-1 2.91/2.81 5.78 1.87/1.83 1.52

3-OH fatty acids with free OH functionalities

FA-2 2.71/2.70 4.58 1.79/1.70 1.43

FA-3 2.70/2.64 4.48 1.76/1.70 1.43

FA-4 2.69/2.63 4.40 1.76/1.70 1.42
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by two acyl groups, respectively. A hydroxy function in

position 6 represented the binding position for the O-spe-

cific chain. Thus, the remaining position 4 is carrying the

two phosphate groups and the ethanolamine. 31P spectra

indicated these groups to be pyrophosphoethanolamine

(d(31P) = ca. -10 ppm), as it has been reported in a few

other lipid A structures.[23, 30, 32–34].

The resulting lipid A backbone structure was determined

to (PEtNPII ? 4)-b-D-GlcpN3NII-(1 ? 6)-a-D-GlcpN3NI-

(1 ? PI), as shown in Fig. 3 for the species with highest

molecular weight (LApentaP
IPIIPEtN) observed in mass

spectra (m/z 1,737.100 [M ? H]? and m/z 1,735.085

[M–H]-). Therein, each 2,3-diamino-2,3-dideoxy-gluco-

pyranose is substituted with two primary 3-hydroxy fatty

acids linked to the amino groups at positions 2 and 3. The

non-reducing sugar (GlcpN3NII) additionally carries a non-

hydroxy secondary fatty acid linked to the 3-hydroxy group

of a primary fatty acid.

Fig. 3 Chemical structure of

the lipid A of B. stolpii. Upper
part structure of the backbone

with two b-(1 ? 6)-linked

D-GlcpN3Ns, being substituted

at C1 and C40 with a phosphate

group (PI) and a

pyrophosphoethanolamine

(PIIPEtN) group, respectively.

Corresponding m/z value for

B-ion fragments in positive

ionization mode is given. Lower
part structure and distribution of

the fatty acid residues. The

exact position of each fatty acid

residue could not be determined

from the results of the analyses
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Discussion

The two B. stolpii and B. bacteriovorus strains possess a

S-form LPS [10]. Lipid As of both Bdellovibrionales,

however, harbor only a few common structural features,

which set them apart from most other lipid A structures.

They possess b-(1 ? 6)-linked 2,3-diamino-2,3-dideoxy-

D-glucopyranoses in their backbone. Similar structures

have been found in Brucella, Rhodopseudomonas, Lepto-

spira, and Mesorhizobium species [35–37], while lipid A of

most other Gram-negative bacteria have two b-(1 ? 6)-

linked 2-amino-2-deoxy-D-glucopyranoses in their back-

bone [38–40]. Another common feature of the two lipid As

is the presence of iso-branched fatty acids [10], which are

also rarely found in other bacteria. It remains to be deter-

mined, whether these structural features are related to the

distinct biological activity of the Bdellovibrionales and

could be important for their unique lifecycle.

The significant differences between the lipid A struc-

tures are numerous. B. bacteriovorus possesses the only yet

isolated uncharged lipid A [10]. In contrary, the now

investigated lipid A of taxonomically related B. stolpii has

a phosphate and a PPEtN group in its backbone. Hence it

owns several functionalities, which are able to carry neg-

ative as well as positive charges. A further difference

between the lipid As is the absence of unsaturated fatty

acids or dihydroxy fatty acids in B. stolpii. These variations

coincide with genetic differences and might portend vari-

ations in their mechanisms to penetrate other bacteria

[4–8].

Bacteriovorax stolpii lipid A has a strong amphiphilic

character, likely caused by intermolecular ionic interac-

tions between protonated primary amines and deprotonated

phosphate functionalities. This strong tendency of forming

aggregates is accompanied by a molecular dynamic

between different conformations. Such chemical exchanges

were indicated by weak and broad in phase EXSY cross

peaks in ROESY spectra. Aggregation due to the strong

amphiphilic character of B. stolpii lipid A and the resulting

short transversal relaxation times (T2) have hence not been

the only reason for the line broadening in NMR spectra.

The dynamic effects of the molecules rather cause the

presence of more than one conformation in energetic

minima. Disaggregation of B. stolpii lipid A in non-natural

environments as reported for some other lipid As does

hence not automatically lead to enhancement of NMR-

spectral resolution [27–30].

Such molecular motion of pyrophosphoethanolamine

(PPEtN) groups has been described to cause stability

changes in the outer membrane under different environ-

mental conditions. The possibility of having different lipid

A conformations might be applied by the B. stolpii to

change the outer membrane structure. These variations

might be used to change forms from a non-predatory style

to a predatory style, when necessary or possible. Hence, it

is of interest to discover the B. stolpii lipid A structures and

dynamics in membranes, in particular in dependence on the

presence of other lipid A membranes. An investigation of

the endotoxic potential of B. stolpii lipid A in different

environments is also interesting in this context [41].

More analyses of other Bdellovibrionales (e.g. Pere-

dibacter or other Bacteriovorax/Bdellovibrio species) are

necessary for the assignment of conserved structures within

the lipid As and LPS of predatory prokaryotes. Such

studies will help to identify building blocks or conserved

components of the outer membrane and will increase the

understanding of the mechanisms involved in prey cell

recognition and invasion. The current study resolves the

second structure of an endotoxin of a predatory bacterium

and confirms once again that the unique predatory lifestyle

is associated with special structures.
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Abstract The existing protocols for analyzing fatty acid

methyl esters (FAMEs) using a one-step acetyl chloride

(AC) catalyzed transesterification and extraction procedure

cannot accurately determine the medium- and long-chain

fatty acids simultaneously in clinical (enteral, parenteral)

formulations. For example: (1) addition of AC at room

temperature generates an exothermic reaction that often

results in loss of sample and possible injury to the analyst;

(2) certain polyunsaturated fatty acids (PUFAs) are less

stable at elevated temperatures during the transesterifica-

tion and contribute to the over-estimation of the C16:0 and

C18:1 fatty acids; and (3) the flame-ionization detector

(FID) response varies depending on the carbon chain length

of the fatty acids, that consequently impacts the underes-

timation of medium-chain fatty acid (C6–C10) recoveries.

To overcome these deficiencies and accurately determine

FAMEs, we have developed an improved one-step transe-

sterification method that employs the addition of AC in

tubes kept on a dry ice bath, the transesterification at room

temperature, and the data analysis using relative response

factors. Using this modified protocol, we determined the fatty

acid composition of lipid emulsions (Omegaven� and Lipi-

dem�) on a Shimadzu GC2010 gas chromatography (GC)

system using a capillary GC column (Zebron ZB-WAX plus,

30 m, 0.25 mm ID, 0.25 lm). Our data suggest that the

improved method can be easily used to accurately determine

fatty acids (C6–C24) in functional foods and lipid emulsions.

Keywords Medium-chain fatty acids �
Long-chain fatty acids � Relative response factor �
Lipid emulsion � Transesterification

Abbreviations

AC Acetyl chloride

AOAC Association of Analytical Chemists

Calc. Calculations

Exp Experimental

FAME Fatty acid methyl esters

FAs Fatty acids

FID Flame ionization detector

GC Gas chromatography

IS Internal standard

PUFAs Polyunsaturated fatty acids
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formulations contain a wide variety of fatty acids differing in

chain length, degree of unsaturation and position, and con-

figuration of double bonds. Although a gas chromatography/

mass spectrometry method has been developed to quantita-

tively determine C8–C26 chain length fatty acids [1], the GC

analysis of FAMEs with FID remains the most frequently used

method [2, 3]. The results from GC/FID are often expressed as

a relative percentage of total fatty acids, which may poten-

tially contribute to error in data interpretation [1]. The accu-

rate quantification of FAs in biological samples depends on

proper extraction, methylation of FAs into FAMEs, optimized

GC run conditions and calculation of their concentration using

internal and external standards [4–6].

The one-step digestion, extraction and esterification of

biological samples, which is referred to as ‘‘direct transeste-

rification,’’ is widely used because of its simplicity, rapidity

and higher accuracy [7–9]. This method has some compli-

cations. For example: addition of acetyl chloride at room

temperature generates an exothermic reaction that often

results in loss of sample and possible injury to the analyst;

adding the acetyl chloride slowly with stirring is often cum-

bersome for large numbers of samples; certain polyunsatu-

rated fatty acids are less stable at temperatures of 100 �C

during the transesterification process; and the generation of

molecular species that may contribute to the over-estimation

of fatty acids [10]. Furthermore, the FID response varies with

carbon-chain variation. The FID response is based on ioni-

zation of alkyl carbon entities, whereas the carboxyl carbon is

not ionized during the combustion [11, 12]. To accurately

determine FAMEs with a FID, a correction factor is normally

applied based on a theoretical relative response factor

(RRF(Theo)) to compensate for the unionized carboxyl carbon

[11, 13]. The widely used RRF(Theo) was originally calculated

based on ‘‘active atom’’ theory without considering the

instrument conditions [6, 14]. However, it has been realized

that the instrument parameters, sample running conditions

and the fatty acid composition in samples can influence the

RRF and hence may affect the analysis [15–20].

To overcome these deficiencies and accurately determine

medium- and long-chain FAMEs, we have developed an

improved one-step transesterification method that employs

the addition of acetyl chloride in a dry ice bath, transesterifi-

cation at room temperature and data analysis using the

experimental relative response factor (RRF(Exp)) based on

relative peak area ratios of the individual fatty acid to the

internal standard (IS), C23:0, under optimized GC run con-

ditions. Our data suggest that our improved protocol for

FAME analysis accurately determines both medium- and

long-chain fatty acids in a one-step transesterification and

extraction procedure. This procedure can easily be adopted to

perform an accurate FAME analysis on large numbers of

clinical and research samples on a routine basis in less time

and without any threat of hazards to the analyst.

Materials and Methods

Materials

Fatty acid standards, the internal standard, and FAME mix-

ture (GLC-461A) were purchased from Nu-Chek (Nu-Chek

Prep, Inc., USA). The purity of all fatty acid standards was at

least 99%. Benzene (CHROMASOLV� Plus, for HPLC,

C99.9%), hexane (CHROMASOLV�, for HPLC, C97.0%),

chloroform (anhydrous, C99%), methanol (anhydrous,

99.8%) and acetyl chloride (Puriss. p.a., C99.0%) were

purchased from Sigma–Aldrich (St Louis, MO, USA). A

FocusLiner for the GC-2010 system was purchased from

Supelco (Sigma–Aldrich), and a Zebron ZB-WAX plus

(30 m, 0.25 mm ID, 0.25-lm film thickness) capillary GC

column was purchased from Phenomenex (Torrance, CA,

USA). Lipid emulsions: Lipidem� and Omegaven�, were

from B. Braun Melsungen AG (Germany) and Fresenius

Kabi Deutschland GmbH (Germany), respectively. The

internal standard of C23:0-M (tricosanoate-methyl ester) was

dissolved in the hexane solution at a concentration of

0.982 mg/ml, and the internal standard of C23:0-acid (C23:0-

A) was dissolved in the methanol-benzene (4:1, v/v) solution

at a concentration of 0.989 mg/ml. All fatty acid standards

were flushed with N2 and stored at -20 �C.

Instrumentation

GC chromatography was performed with a Shimadzu

GC2010 chromatography system (Shimadzu Scientific

Instruments, Columbia, MA, USA) equipped with an auto

sampler and a flame ionization detector. Helium was used

as carrier and make-up gas. The injection volume was 1 ll,

which was used with a split ratio of 1:50, or alternative

ratios as reported elsewhere in the text. The injection port

and detector temperatures were 240 and 250 �C, respec-

tively. The column temperature program was as follows:

temperature was held at 30 �C for 2 min, increased to

180 �C at 20 �C/min, held at 180 �C for 2 min, increased

to 207 �C at 4 �C/min, held at 207 �C for 3 min, increased

to 220 �C at 2 �C/min, held at 220 �C for 2 min, and then

increased to 240 �C at 2 �C/min before finally being held at

240 �C for 2 min.

Optimization of the One-Step Extraction

Transesterification Process

Method A

A 50-ll lipid sample was placed in 10 9 130 mm Pyrex

tubes (10 ml) which had Teflon-lined screw caps, and then

mixed with 40 ll of the internal standard and 2 ml of

methanol-benzene (4:l, v/v). A small magnetic stirring bar

200 Lipids (2010) 45:199–208
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was placed in each tube and, while stirring, 200 ll of

acetyl chloride was slowly added over a period of 1 min.

The tubes were tightly closed and subjected to transe-

sterification at 100 �C for 1 h. The tubes were allowed to

cool in an ice bath, and then 5 ml of 6% K2CO3 solution

was added slowly to stop the reaction and neutralize the

mixture. The tubes were briefly vortexed and then cen-

trifuged at 9009g for 10 min (at 25 �C). The top layer

was collected and transferred to a sample vial for GC

analysis.

Table 1 Fatty acid standard mixture

FA (mg/ml) FA (mg/ml)

C6:0 1.67 C16:1n-7 2.38

C8:0 1.77 C18:1n-9 2.38

C9:0 0.71 C18:2n-6 1.50

C10:0 1.18 C18:3n-6 2.17

C12:0 0.96 C18:3n-3 2.49

C14:0 1.15 C22:6n-3 2.30

C16:0 1.04
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Fig. 1 Comparison of

transesterification methods.

Standard mixture (listed in

Table 1) is used to prepare

FAMEs using transesterification

Methods A, B or C, as described

in the text. The major extra

peaks are marked by black
circles. The GC chromatogram

is a representative of three

experiments performed in

triplicate (n = 9)
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Method B

A 50-ll sample of the lipid mixture was placed in

10 9 130 mm Pyrex tubes (10 ml) which had Teflon-lined

screw caps, and then mixed with 40 ll of the internal

standard and 2 ml of methanol-benzene (4:1, v/v). The

tubes were gently vortexed, and then placed in a dry ice

bath for 10 min. Then 200 ll of acetyl chloride was added

to the tubes quickly; the tubes were flushed with N2, tightly

closed, and subjected to transesterification at 100 �C for

1 h. The samples were further processed as described in

‘‘Method A’’.

Method C

The samples were prepared and acetyl chloride was

added to each tube as described in ‘‘Method B’’. The

tubes were then kept in the dark at room temperature for

24 h. The samples were further processed as described in

‘‘Method A’’.

Data Quantification

The concentration of individual fatty acids (C(GC)) were

calculated using the expression C(GC) = A(FA)/A(IS) 9

C(IS), where A(FA) is the GC peak area of the fatty acid

whose concentration is to be determined, A(IS) is the GC

peak area of the internal standard, and C(IS) is the con-

centration (mg/ml) of the internal standard.

Determination of the Relative Response Factor

Theoretical Relative Response Factor

Theoretical relative response factor for each fatty acid (C6–

C24) relative to the C23:0 internal standard was calculated

according to the active carbon theory [12].

Experimental Relative Response Factor

For determining the RRF(Exp), 130 ll of the GLC-461A

reference standard in hexane was mixed with 20 ll of

internal standard (C23:0-M; 0.982 mg/ml in hexane) and

subjected to the GC analysis. The ratio of the fatty acid to

the internal standard, and the instrument parameters, were

as indicated elsewhere in the text. Each experiment was

done in triplicate. The relative response factor was calcu-

lated based on the equation: RF = C(Theo)/C(GC), where

C(Theo) is the concentration of the fatty acid based on its

weighed amount, and C(GC) is the concentration of the fatty

acid calculated based on the GC peak area and internal

standard (C23:0) concentration.

Results and Discussion

Optimization of GC Parameters

Based on the recommendations proposed in the official

method of the association of analytical chemists (AOAC)

[21], we employed C23:0-M as the internal standard, and

a wax-type capillary gas chromatograph column to per-

form the fatty acid analysis. We initially compared the

GC analysis of fatty acids with the splitless and split

injection modes, using different inlet liners (including no

wool, wool-packed, gooseneck and FocusLiner). Our

results (not shown) demonstrated that GC analysis with

split injection at 250 �C using a FocusLiner inlet yields

optimal fatty acid resolution. Most of the analyses were

performed using a 1:50 split ratio based on optimization

described below.

Optimization of a One-Step Transesterification

In order to develop a safe, simple and highly reproducible

transesterification method for accurately determining FA

concentrations for routine analysis, we modified and opti-

mized the original Lepage and Roy one-step transesterifi-

cation method [8, 9]. A standard mixture containing C6 to

C22 fatty acids, as shown in Table 1, was used to optimize

the transesterification using three different approaches,

referred to as Methods A, B and C. ‘‘Method A’’ is the

original Lepage and Roy method wherein the addition of

acetyl chloride for transesterification is usually done very

Table 2 Recovery of fatty acids using different transesterification

methods

FA RRF(Exp) Method A Method B Method C

%, mean ± SD %, mean ± SD %, mean ± SD

C6:0 1.44 94.1 ± 1.4 92.2 ± 2.7 100.4 ± 2.3

C8:0 1.20 91.6 ± 2.0 90.1 ± 2.9 97.4 ± 2.4

C9:0 1.19 93.4 ± 1.8 92.3 ± 2.6 97.7 ± 2.2

C10:0 1.16 93.1 ± 1.9 92.0 ± 2.8 98.5 ± 2.2

C12:0 1.15 94.8 ± 1.6 93.9 ± 3.6 99.8 ± 2.1

C14:0 1.14 104.4 ± 3.9 105.4 ± 4.3 104.2 ± 2.5

C16:0 1.12 151.1 ± 38.8 168.8 ± 19.6 105.3 ± 3.6

C16:1n-7 1.12 99.1 ± 0.7 98.1 ± 2.3 103.1 ± 2.4

C18:1n-9 1.07 110.3 ± 14.8 114.6 ± 8.4 101.2 ± 2.8

C18:2n-6 1.07 97.9 ± 0.6 97.5 ± 2.5 102.0 ± 2.2

C18:3n-6 1.07 97.3 ± 1.7 96.5 ± 2.3 102.2 ± 2.2

C18:3n-3 1.08 95.9 ± 1.5 95.3 ± 2.4 100.8 ± 2.2

C22:6n-3 1.16 94.1 ± 2.5 93.0 ± 2.4 100.1 ± 2.1

The concentration of the fatty acid was calculated based on the internal

standard peak area and corrected with RRF(Exp), as describe in the text.

The recovery was calculated by formula [C(Exp)/C(Theo) 9 100]
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Fig. 2 Effect of injector split ratio on the relative response factor in

the presence of variable fatty acid-to-internal standard (FA(Sample)/

FA(IS)) ratio. Fatty acid-methyl esters from GLC-461A standard

mixture (FAsample) and C23:0-M (FAIS) internal standard (0.982 mg/

ml) was prepared in hexane to obtained variable (0.01–11.86)

FA(Sample)/FA(IS) ratios (R) as shown in Table 3. Each mixture

(FA(Sample)/FA(IS)) was applied for GC analysis using an injector split

ratio of a 1:10, b 1:20, or c 1:50, while keeping all other GC run

parameters conditions constant. The curves representing the lowest

(0.01) and the highest (11.89) R are shown for simplicity. All other

curves (data not shown) fall within the lowest and the highest R
curves. Each point represents a mean of three experiments
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carefully and slowly to avoid an exothermic reaction. This is

usually done while the reaction contents are kept stirring,

which takes approximately 1 min to complete. The exother-

mic nature of the reaction sometimes results in loss of sample

because of the splatter, and may also pose a threat of possible

injury to the analyst. This procedure is not only cumbersome

when a large number of samples are to be analyzed, but

transesterification using ‘‘Method A’’ also resulted in the

formation of extra peaks, as shown in Fig. 1a. We therefore

modified the method and incubated the tubes for transesteri-

fication on a dry ice bath for 10 min prior to adding acetyl

chloride (‘‘Method B’’). The results shown in Fig. 1b also

resulted in the formation of extra peaks, as in ‘‘Method A’’. We

further modified the procedure, and in ‘‘Method C’’, after

adding acetyl chloride in the reaction mixture on a dry bath,

the transesterification was performed at room temperature for

24 h. Results shown in Fig. 1c clearly indicate that the extra

peaks were no longer present on the chromatogram. These

results suggest that the extra peaks may have resulted from

side reactions at an elevated temperature. The recoveries of

the individual fatty acids using Methods A, B, or C are shown

in Table 2. The data demonstrate that the presence of extra

peaks induced by transmethylation at 100 �C (Methods A and

B) interfere with the estimation of fatty acids, and resulted in

overestimation of particularly C16:0 and C18:1n-9. Com-

paring the data from Methods A and B, it appears that there are

no significant differences between acetyl chloride added at

room temperature or at low temperature; however, addition

of acetyl chloride at low temperature avoids the need of

its dropwise addition and constant stirring. We also evaluated

the effect of the amount of water present (1–5%) in the

transesterification reaction using ‘‘Method C’’. Our results

demonstrate that the water content (up to 5% in the transe-

sterification) does not significantly affect fatty acid analysis of

the standard mixture or biological samples (data not shown).

Relative Response Factor

Accurate determination of fatty acid concentration by GC

using FID not only depends on the optimized extraction/

transesterification and instrument parameters, but is also

contingent on the signal response of the FID detector to

FAMEs of different composition. The early pioneer work

by Ackman and Sipos [12], and Bannon [13], proposed

using a theoretical relative response factor (RRF(Theo)),

based on the ionized carbon atoms, to correct the FID

response to FAMEs of different composition. We realized

from the previously published results [16–20], and also

from our preliminary analysis, that the RRF for different

FAMEs can be varied depending upon the GC run condi-

tions, and therefore may cause an error in the determination

of fatty acid concentrations in a given sample. The data

shown in Fig. 2 indicates that when the FA(Sample):FA(IS) is

varied, there was a variation in RRF(Exp), and this variation
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Fig. 3 Effect of injector split ratio on the relative response factor in

the presence of a fixed fatty acid-to-internal standard (FA(Sample)/

FA(IS)) ratio. The GLC-461A standard mixture and internal standard

(C23:0-M, 0.982 mg/ml) was prepared in hexane to obtained a fixed

(0.44) FA(Sample)/FA(IS) ratio. Samples were run using a split ratio of

1:5, 1:10, 1:20, or 1:50, while keeping all other GC run parameters

constant. Each point represents a mean of three experiments
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in RRF(Exp) was also influenced by the split ratio used for

injection (Fig. 2a–c). It is obvious from these results that

there are differences between RRF(Exp) and RRF(Theo)

values, which are more pronounced for medium-chain FAs,

and become smaller as the carbon-chain length increases.

The effect of injection split ratios on RRF(Exp) was also

determined using a fixed (0.44) fatty acid to internal

standard (FA(Sample)/FA(IS)) ratio. The data reported in

Fig. 3 indicate that as the split ratio increases, the RRF(Exp)

value becomes closer to that of RRF(Theo). Data from

Figs. 2 and 3 demonstrated that the optimal RRF(Exp) could

be obtained when a split ratio of 1:50 was used; however,

the RRF(Exp) was still influenced by the FA(Sample):FA(IS)

ratio. We therefore determined RRF(Exp) over a wide range

of FA(Sample):FA(IS) ratios for each fatty acid. The data

presented in Table 3 indicate that as the FA(Sample):FA(IS)

ratio varied, the RRF is also varied. Short- to medium-

chain fatty acids (C4–C10), in particular, have much var-

iation between RRF(Theo) and RRF(Exp), and may have

potential for underestimation when only the RRF(Theo) is

used to calculate their concentration. Based on these results,

we suggest the GC analyst should first determine the RRF(Exp)

Table 3 Relative response factor (RRF(Exp)) with variable FA(Sample)/FA(IS) ratios at a split ratio 1:50

FA RRF(Theo) FA(Sample)/FA(IS)

11.89 5.95 2.97 1.49 0.74 0.37 0.19 0.09 0.05 0.02 0.01

RRF(Exp)

C4:0 1.59 2.01 2.02 2.04 2.09 2.03 2.03 2.10 1.99 1.92 1.73 1.79

C6:0 1.35 1.44 1.43 1.44 1.43 1.40 1.40 1.40 1.35 1.34 1.23 1.36

C8:0 1.23 1.20 1.19 1.20 1.17 1.12 1.10 1.07 1.05 1.02 0.93 1.03

C10:0 1.16 1.16 1.15 1.16 1.15 1.11 1.03 0.99 0.98 0.96 0.90 0.91

C12:0 1.11 1.15 1.14 1.15 1.16 1.13 1.05 0.99 0.96 0.95 0.89 0.94

C13:0 1.10 1.15 1.15 1.16 1.17 1.14 1.05 0.99 0.94 0.90 0.80 0.93

C14:0 1.08 1.14 1.13 1.14 1.16 1.14 1.06 1.01 0.99 0.96 0.91 0.95

C14:1n-5 1.07 1.13 1.13 1.14 1.15 1.14 1.06 1.02 0.97 0.95 0.90 0.91

C15:0 1.07 1.12 1.12 1.13 1.15 1.14 1.06 1.02 0.98 0.95 0.91 0.92

C16:0 1.05 1.12 1.11 1.12 1.14 1.14 1.06 1.02 0.96 0.93 0.88 0.90

C16:1n-7 1.05 1.12 1.12 1.13 1.15 1.15 1.07 1.03 0.98 0.96 0.86 1.00

C17:0 1.04 1.10 1.09 1.10 1.12 1.12 1.06 1.02 0.98 0.94 0.89 0.97

C17:1n-7 1.04 1.09 1.08 1.09 1.11 1.12 1.05 1.01 0.96 0.96 0.89 0.95

C18:0 1.03 1.07 1.07 1.08 1.09 1.10 1.04 1.00 0.97 0.96 0.90 0.94

C18:1n-9 1.03 1.07 1.07 1.08 1.09 1.10 1.03 1.00 0.94 0.90 0.81 0.89

C18:2n-6 1.02 1.11 1.10 1.11 1.12 1.13 1.06 1.00 0.95 0.94 0.79 0.94

C18:3n-6 1.01 1.08 1.07 1.08 1.09 1.10 1.03 1.00 0.94 0.93 0.90 0.91

C18:3n-3 1.01 1.08 1.07 1.08 1.09 1.10 1.04 1.00 0.96 0.94 0.87 0.94

C20:0 1.02 1.06 1.06 1.07 1.06 1.05 1.02 0.99 0.93 0.90 0.84 0.83

C20:1n-9 1.01 1.04 1.04 1.05 1.06 1.07 1.02 0.99 0.94 0.90 0.90 0.84

C20:2n-6 1.01 1.06 1.05 1.06 1.05 1.07 0.99 0.95 0.87 0.80 0.74 0.59

C20:3n-6 1.00 1.04 1.03 1.04 1.04 1.06 1.01 0.98 0.94 0.89 0.86 0.90

C20:4n-6 0.99 1.06 1.05 1.06 1.06 1.08 1.01 0.99 0.93 0.89 0.80 0.77

C20:3n-9 1.00 1.06 1.05 1.06 1.06 1.08 1.03 0.98 0.93 0.91 0.80 0.84

C20:5n-3 0.99 1.11 1.10 1.11 1.11 1.12 1.06 1.01 0.96 0.94 0.83 0.88

C22:0 1.01 1.01 1.01 1.02 1.02 0.99 0.97 0.93 0.90 0.85 0.82 0.72

C22:1n-9 1.00 1.05 1.04 1.05 1.04 1.05 0.99 0.96 0.90 0.86 0.84 0.74

C22:2n-6 0.99 1.03 1.02 1.03 1.03 1.05 1.00 0.97 0.93 0.90 0.89 0.89

C23:0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

C22:4n-6 0.98 1.03 1.02 1.03 1.04 1.06 1.00 1.00 0.98 0.95 0.95 0.95

C22:5n-6 0.98 1.05 1.04 1.05 1.05 1.06 1.00 0.95 0.90 0.85 0.79 0.64

C24:0 0.99 0.98 0.97 0.98 0.98 0.96 0.95 0.91 0.89 0.86 0.83 0.73

C22:6n-3 0.97 1.15 1.15 1.16 1.15 1.18 1.07 1.02 0.97 0.89 0.88 0.87

C24:1n-9 0.99 0.97 0.94 0.95 0.96 0.95 0.91 0.88 0.83 0.82 0.79 0.83
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value under optimum GC run conditions for each fatty acid,

and should use the RRF(Exp) closest to the FA(Sample):FA(IS)

ratio for accurately computing each FA concentration.

Comparison of Methods for Data Calculation

Different approaches are used to quantify fatty acid com-

positions from the GC chromatograph. The concentration

calculation based on the internal standard concentration

and peak area offers reasonably accurate values, particu-

larly for long-chain saturated and unsaturated fatty acids;

but, this method would not give an accurate concentration

for medium-chain fatty acids. One way to overcome this

problem is to use multiple internal standards for FAs of

different carbon chain lengths [6, 22, 23]. These data can

be further corrected using a RRF(Theo) to get an estimation

of fatty acid concentrations, including those of the med-

ium-chain fatty acids. However, we realized that if an

accurate estimation of short- to long-chain fatty acids is

desired in a given sample, and accuracy is the ultimate

priority, then concentrations corrected with a RRF(Exp) and/

or calculated with an external standard curve combined

with the using of internal standard would be superior to

calculating FA concentrations, as described above. We,

therefore, compared FA data analysis methods inclusive of:

Calc. I Fatty acid concentration calculated based on inter-

nal standard and peak area; Calc. II Fatty acid concentra-

tion calculated with Calc. I and corrected with the

theoretical RRF; Calc. III Fatty acid concentration calcu-

lated with Calc. I and corrected with the experimental

RRF; and Calc. IV Fatty acid concentration calculated

based on the internal standard and external standard curves.

Data representing fatty acid recovery were calculated with

the four data calculation methods (shown in Table 4). The

data indicate that Calc. III and IV calculations produced

similar results, which are the most consistent relative to the

theoretical concentration of fatty acids.

Total Fatty Acid Analysis of Two Lipid Emulsions

Based on our current data, we suggest that our modifi-

cation of a one-step transesterification process (‘‘Method

C’’) and use of Calc. III (RRF(Exp) instead of RRF(Theo))

would yield a superior analysis of FAs. In order to con-

firm our data, we used two known lipid emulsions.

Omegaven� contains 10% lipids as triglycerides enriched

in n-3 PUFAs, whereas Lipidem� contains 20% lipids as

triglycerides enriched in medium-chain fatty acids. Using

these emulsion we further evaluated Methods A, B and C

for transesterification. Fatty acid concentrations were

calculated based on Calc. III, using RRF(Exp) obtained

from Table 3 according to the FA(Sample):FA(IS) ratio of

the samples. From the data presented in Table 5, we

found that transesterification using Methods A and B

resulted in a higher C16:0, C18:0 and C18:1n-9 concen-

tration than that using ‘‘Method C’’. The ‘‘Method C’’

also produced a better recovery of n-3 PUFA. These

results further confirmed that transesterification at 100 �C

produces extra peaks that interfere with the estimation of

some fatty acids. Furthermore, heating during transeste-

rification also resulted in loss of the PUFAs, particularly

C20:5n-3 and C22:6n-3.

In conclusion, an improved protocol collectively using

‘‘Method C’’ for a one-step transesterification and RRF(Exp)

for data analysis accurately determined both medium- and

long-chain fatty acids in commercial lipid emulsion

Table 4 Comparison of calculation methods for fatty acid recovery

FA Calc. I Calc. II Calc. III Calc. IV

%, mean ± SD RRF(Theo) %, mean ± SD RRF(Exp) %, mean ± SD %, mean ± SD

C6:0 69.7 ± 2.3 1.35 94.4 ± 2.3 1.44 100.4 ± 2.3 99.6 ± 2.8

C8:0 81.2 ± 2.4 1.23 100.2 ± 2.4 1.20 97.4 ± 2.4 97.3 ± 3.2

C9:0 82.1 ± 2.2 1.19 97.5 ± 2.2 1.19 97.7 ± 2.2 98.7 ± 2.3

C10:0 84.9 ± 2.2 1.16 98.8 ± 2.2 1.16 98.5 ± 2.2 98.3 ± 3.3

C12:0 86.7 ± 2.1 1.12 96.7 ± 2.1 1.15 99.8 ± 2.1 98.9 ± 3.2

C14:0 91.4 ± 2.5 1.08 98.7 ± 2.5 1.14 104.2 ± 2.5 103.0 ± 3.4

C16:0 94.0 ± 3.6 1.06 99.2 ± 3.6 1.12 105.3 ± 3.6 104.2 ± 3.7

C16:1n-7 92.1 ± 2.4 1.05 96.4 ± 2.4 1.12 103.1 ± 2.4 105.2 ± 3.3

C18:1n-9 94.6 ± 2.8 1.03 97.2 ± 2.8 1.07 101.2 ± 2.8 100.9 ± 3.2

C18:2n-6 95.4 ± 2.2 1.02 97.4 ± 2.2 1.07 102.0 ± 2.2 101.2 ± 3.1

C18:3n-6 95.6 ± 2.2 1.01 96.9 ± 2.2 1.07 102.2 ± 2.2 102.7 ± 3.2

C18:3n-3 93.3 ± 2.2 1.01 94.6 ± 2.2 1.08 100.8 ± 2.2 102.1 ± 3.0

C22:6n-3 86.3 ± 2.1 0.97 83.9 ± 2.1 1.16 100.1 ± 2.1 101.2 ± 2.9

Fatty acid mixture was transesterified using ‘‘Method C’’, and run at a split ratio of 1:50
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samples. Transesterification with Methods A and B resul-

ted in higher C16:0 and C18:1n-9 concentrations than

using ‘‘Method C’’, due to side reactions. Furthermore,

‘‘Method C’’ also produced a better recovery of n-3 poly-

unsaturated fatty acids (EPA and DHA). This procedure

can be easily adopted for analyzing large quantities of lipid

samples for routine analysis in less time and without any

threat of hazards imparted to the analyst.
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Abstract Observational evidence suggests that in popu-

lations consuming low levels of n-3 highly unsaturated

fatty acids, women have higher blood levels of docosa-

hexaenoic acid (DHA; 22:3n-6) as compared with men.

Increased conversion of alpha-linolenic acid (ALA; 18:3n-

3) to DHA by females has been confirmed in fatty acid

stable isotope studies. This difference in conversion

appears to be associated with estrogen and some evidence

indicates that the expression of enzymes involved in syn-

thesis of DHA from ALA, including desaturases and

elongases, is elevated in females. An estrogen-associated

effect may be mediated by peroxisome proliferator acti-

vated receptor-a (PPARa), as activation of this nuclear

receptor increases the expression of these enzymes. How-

ever, because estrogens are weak ligands for PPARa,

estrogen-mediated increases in PPARa activity likely occur

through an indirect mechanism involving membrane-bound

estrogen receptors and estrogen-sensitive G-proteins. The

protein kinases activated by these receptors phosphorylate

and increase the activity of PPARa, as well as phospholi-

pase A2 and cyclooxygenase 2 that increase the intracel-

lular concentration of PPARa ligands. This review will

outline current knowledge regarding elevated DHA pro-

duction in females, as well as highlight interactions

between estrogen signaling and PPARa activity that may

mediate this effect.

Keywords Estrogen � Sex � Eicosapentaenoic acid �
Alpha-linolenic acid � Conversion � PPARa �
Phosphorylation � Nuclear receptors � Ligand �
Transcription
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Introduction

The dietary intake and blood content of omega-3 poly-

unsaturated fatty acids (n-3 PUFA, C18 carbons, C2

double bonds), particularly the highly unsaturated fatty

acids (HUFA, C20 carbons, C3 carbon–carbon, double

bonds) eicosapentaenoic acid (EPA, 20:5n-3) and doco-

sahexaenoic acid (DHA, 22:3n-3), are associated with a

reduced risk of sudden cardiac death when incorporated

into cardiac membranes as phospholipids or free fatty

acids [1–4]. Also, the incorporation of DHA into brain

phospholipids is associated with improved neurological

development [5] and performance on spatial tasks [6].

EPA and DHA can either be obtained directly from the

diet or produced within the body from dietary precursors

such as alpha-linolenic acid (ALA, 18:3n-3). As reviewed

recently, it appears that in humans, increasing ALA

intakes can significantly increase levels of EPA and n-3

docosapentaenoic acid (DPAn-3), but not DHA in various

blood measures [7]. However, even limited production of

EPA, DPAn-3 and DHA from dietary ALA may be

clinically relevant. The anti-arrhythmic benefit of EPA

and DHA is estimated to have a very steep dose–response

curve that plateaus at an EPA ? DHA consumption of

750 mg/day [8], much higher than the estimated North

American intakes of EPA ? DHA of approximately

100 mg/day [9–12]. It has recently been suggested that

250–500 mg/day of EPA ? DHA should be established

as a dietary reference intake [13]. Therefore, even a small

contribution to tissue EPA and DHA through ALA con-

version could have a significant impact on sudden cardiac

death risk reduction.

Dietary ALA intakes are inversely associated with

sudden cardiac death in women [14] but not in men [15] in

North American populations. North American intakes of

ALA are approximately 1,500 mg/day [9–12]. Increased

ALA conversion to EPA and DHA has been observed in

women consuming \200 mg EPA ? DHA/day as com-

pared with men and women consuming [500 mg

EPA ? DHA/day [16, 17] and may partially explain the

inverse association with sudden cardiac death. Increased

conversion of ALA to DHA [16, 18, 19] and higher levels

of DHA in various lipid fractions of liver, erythrocytes,

plasma and whole blood [16, 20–24] have been observed in

females consuming typical Western diets as compared with

males.

An increased capacity to biosynthesize DHA in women

is possibly an evolutionary adaptation to attempt to provide

a supply of DHA for maternal–fetal transport during the

fetal brain growth spurt [7, 12, 25]. Observational results

suggest that pregnant women undergo metabolic adapta-

tions to maintain DHA in blood for placental transport [12,

26–28]. Changes in n-3 HUFA have also been associated

with both endogenous and exogenous changes in circulat-

ing estrogen [21, 29–32], however, the potential mecha-

nisms for this enhanced biosynthesis has not been

elucidated.

The biosynthesis of DHA is mediated by elongases and

desaturases in the endoplasmic reticulum and acyl-CoA

oxidase and multifunctional protein 2 in the peroxisome.

Estrogen-response elements have not been associated with

the genes of any of these enzymes to date despite our

efforts (unpublished observations). This is despite the fact

that estrogen response elements are well characterized [33]

and can be identified using a variety of tools. Peroxisome-

proliferator receptor a (PPARa), a nuclear receptor that

increases the expression of desaturases [34, 35] is a

potential target for an estrogen mediated effect, but it also

lacks an estrogen response element [36]. However, PPARa
activity may be increased by indirect estrogen mediated

phosphorylation. Several of the protein kinase systems

activated by membrane-bound estrogen receptors, includ-

ing mitogen-activated protein kinase (MAPK) and protein

kinase A, phosphorylate and increase the activity of

PPARa [37–39]. We presently review evidence supporting

sex differences in the conversion of ALA to DHA and

suggest a potential mechanism involving interaction

between PPARa and estrogen signaling.

Dietary Sources of DHA

Preformed DHA

Blood levels of DHA are strongly correlated with the

dietary intake of DHA [40]. In North America, salmon is a

dominant source of dietary EPA and DHA due to its high

popularity (ranked 4th in consumption frequency among

marine foods after shrimp, tuna and breaded fish, respec-

tively), and a high content of EPA and DHA [8, 9, 41].

Salmon provides 1,100–2,100 mg EPA ? DHA/100 g as

compared with 130–860 mg from tuna, 320–550 mg from

shrimp, and 0–210 mg from breaded fish (per 100 g

cooked) [42]. Alternative sources that can provide signifi-

cant amounts of dietary n-3 HUFA include fish oil capsules

and novel EPA and DHA enriched functional foods

[43, 44]. All these strategies are largely dependent on fish

stocks and fish-farming practices that may not be sustain-

able [45]. Non-fish sources of preformed dietary DHA

include fat extraction from species of microalgae such as

Crypthecodinium cohnii and Schizochytrium [46, 47]. The

production of DHA by microalgae varies with some species

relying on alternating desaturases and elongases while

others utilize polyketide synthase systems [48, 49]. There

are ongoing efforts to develop genetically modified

organisms capable of producing n-3 HUFA [50, 51].
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Dietary Precursors of DHA

The primary dietary precursor of long chain n-3 PUFA that

is consumed in North America is ALA, which is found in a

variety of plant foods and oils, particularly in flaxseed oil.

Canola and soybean oil also contain significant amounts of

ALA, but also typically contain relatively higher amounts

of linoleic acid (LNA, 18:2n-6). Supplementing with rel-

atively low levels of dietary ALA (2.4 g ALA/day in

flaxseed oil) can increase erythrocyte EPA [52] with higher

doses of ALA resulting in further increases in blood levels

of EPA and DPAn-3, but often not DHA as reviewed

extensively [7]. There is no evidence that ALA interven-

tions result in increased DHA in blood, however these

studies have been done predominantly with males only

[52–55] or with mixed sex groups without specific sex

group analyses [56–59]. Recently, we demonstrated that

DHA levels in free living females was significantly higher

than free living males, and that increases in DHA status is

much slower than changes in EPA with fish oil supple-

mentation [24]. Therefore, acute intervention studies may

not be appropriate to detect DHA biosynthesis and accu-

mulation in human blood. There are some longer ALA

intervention studies that suggest DHA blood measures may

possibly increase (for example, 52 weeks) [60]. It is also

important to note that blood measures of EPA, DPAn-3,

and DHA may only reflect hepatic ALA conversion, while

there is evidence suggesting tissue specific ALA conver-

sion with brain capable of synthesizing DHA from ALA,

while the heart appears to only convert ALA to EPA and

DPAn-3 [61].

Mammalian DHA Biosynthesis

The discovery that dietary ALA was the precursor of DHA

was made in 1950 by Widmer and Holman [62] by feeding

fat-deficient rats isolated ALA and observing the tissue

deposition of DHA. Klenk and Mohrhauer [63] later elu-

cidated the pathway of DHA formation from ALA to be:

18:3n-3 ? 18:4n-3 ? 20:4n-3 ? 20:5n-3 ? 22:5n-3 ?
22:6n-3. It was then determined that the pathway took

place in the endoplasmic reticulum [64]. Testing of the

assumption that a delta-4 desaturase was responsible for

the conversion of 22:5n-3 into 22:6n-3 revealed no

microsomal formation of 22:6n-3, but rather two novel

fatty acids were microsomally produced: 24:5n-3 and

24:6n-3 [65]. It was later determined that 22:6n-3 was

formed by peroxisomal b-oxidation of the microsomally

produced 24:6n-3 (Fig. 1) [66].

The first enzyme in the conversion of ALA to longer

chain n-3 HUFA is delta-6 desaturase (D6D) [67]. D6D

catalyzes the desaturation of both n-6 and n-3 PUFA, and

also appears to act on both 18- and 24-carbon PUFA,

representing a significant metabolic ‘‘bottle-neck’’ [68]. A

D6D knockout mouse has been demonstrated to lack the

ability to make arachidonic acid (20:4n-6) from LNA and

to lack the ability to make docosapentaenoic acid (22:5n-6)

from dietary arachidonic acid [69]. In addition, the com-

petition between ALA and 24:5n-3 for D6D results in EPA

accumulation and limited synthesis and accumulation of

DHA in Hep-G2 phospholipids [70]. As a result, the

expression and activity of D6D, and substrate competition

are considered primary determinants of DHA production

rate. However, the large induction of both D6D and delta-5

desaturase (D5D), but not elongases, observed in HepG2

cells in response to essential fatty acid deficiency suggests

that HUFA production is dependent on the concentration of

both of these enzymes [71]. Additionally, these two genes

are located only 11 kb apart on chromosome 11 in humans

(chromosome 19 in mice) in a head-to-head orientation,

suggesting that the transcription of these two genes may be

regulated similarly [67]. A thorough review of the desat-

urases is available [67].

Sex Differences in DHA Status and Metabolism

Several studies have observed sex differences in blood and

tissue DHA content in humans and rats (summarized in

Table 1). While consuming a habitual diet, women possess

significantly higher levels of DHA in total plasma lipids, as

well as plasma non-esterified fatty acids, triacylglycerols,

and phosphatidyl choline [23]. Sex specific responses to

fish-oil supplementation have been observed including

higher levels of DHA in erythrocytes and whole blood at

baseline and after 8 weeks washout post-supplementation

in women as compared with men [24]. Also, female sex has

been significantly associated with increased DHA in stud-

ies examining various lifestyle and physiological parame-

ters on fingertip prick whole blood in Italians [72] and

serum phospholipids and cholesteryl esters in New

Zealanders [22]. Higher levels of DHA in the blood of

women as compared with men could be the result of dif-

ferences in DHA mobilization and partitioning, dietary

intake and male–female differences in body mass rather

than differences in biosynthesis. However, increased ALA

to DHA conversion rates in women relative to men have

been determined using fatty acid stable isotope tracer

studies [16, 18, 19].

The net fractional conversion of an orally ingested bolus

of U13C-ALA into EPA and DHA in women capable of

bearing children has been observed to be approximately 21

and 9.1%, respectively [18] as compared with conversion

rates in men of 7.9% for EPA and DHA production that

was undetectable by the investigators means [19]. In these
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studies, 13C-EPA and DHA primarily appeared in plasma

phosphatidyl choline. Labelled U13C-DHA has also been

detected in plasma triacylglycerol and phospholipid frac-

tions in women (no men comparison group) after treatment

with dietary U13C-ALA [73]. Compartmentalized model-

ing of 2H-ALA metabolism through examining 2H-HUFA

appearance in plasma total lipids has isolated the sex dif-

ference to the conversion of labeled 22:5n-3 to labeled

22:6n-3, and that this sex difference was present only when

participants consumed a beef-based diet low in n-3 HUFA

and not a fish-based diet [16, 17]. Additionally, there may

be increased partitioning of ALA towards DHA synthesis

in women, as oxidation and carbon-recycling of ALA into

saturated and monounsaturated fatty acids are much lower

as compared with men [18, 19, 74]. In animal models,

elevated DHA has also been observed in the liver phos-

phatidyl choline and phosphatidyl ethanolamine of mature

female relative to male rats [20] and feeding male rats a

high-ALA diet containing no EPA or DHA results in ele-

vated liver and heart phospholipid EPA and DPAn-3, but

not DHA [75].

In a model of dietary n-3 repletion, increased hepatic

expression of D5D and D6D was observed in female rats as

compared with male rats that corresponded to higher D5D

protein content [76]. An increased expression of D5D only

[20] and no differences in D5D and D6D [77] have also

been reported. We have observed increased D5D and D6D

mRNA expression in females as compared with males at

14 week of age on a standard chow diet (Kitson and Stark,

unpublished observations). These results tend to suggest a

greater capacity for DHA biosynthesis in females as

compared with males. Sexual maturity may contribute to

some of the disparity in these studies but this has not been

elucidated.

Age may influence DHA accumulation [78]. There are

reports of an association between age and DHA levels in
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adult human blood. Although dietary intake of DHA is a

potential confounder, age was positively associated with

DHA in plasma phospholipids [79, 80], serum phospho-

lipids and cholesteryl esters [22], plasma total lipids [40]

and erythrocytes [40, 81] after controlling for DHA intakes.

However, no differences in DHA content between subjects

over 75 years of age and control subjects between 20 and

48 years of age were observed in plasma phospholipids,

Table 1 Summary of studies investigating sex differences in DHA content or metabolism

Author

[references]

Number of subjects Dietary fatty acid treatment Results

Rat studies

Burdge et al.

[20]

Wistar, male and female

(n = 24 for each)

Maternal = 5.9 g

ALA/kg diet

Lactation/weaning = 0.7 g ALA/kg diet

Increased DHA in PC and PE (% total fatty

acids) in females

Increased hepatic D5D expression in females.

Extier et al.

[76]

Wistar male and female

(n = 6 for each

sex/time point)

Maternal = 0.05 g ALA/kg diet.

Weanling = 0.2 mg ALA/kg diet.

Increased DHA in plasma PC and liver PC,

PS, and PE in females

Increased D5D and D6D and lower PPARa
and FABP7 hepatic expression in females

Increased hepatic D5D protein content in

females

No DHA or gene expression differences in

cerebral cortex

Childs et al.

[77]

Wistar male and female

(n = 6 for each sex/

diet group)

Low soybean = 1.6 g ALA/kg diet

High fat soybean = 9.1 g ALA/kg diet

High fat linseed = 50.2 g ALA/kg diet

Increased DHA in plasma PC, liver PC and

PE in females in all diets

No differences in gene expression

Human studies

Burdge and

Wooton [18]

Women (n = 6) Habitual

700 mg of [U-13C] ALA

administered

Fractional appearance of 13C-labelled fatty

acids in plasma was ALA: 63.7%, EPA:

21.1%, n-3 DPA: 5.9%, DHA: 9.2%.
13C recovered in breath was 22.2% of dose.

Burdge et al.

[19]

Men (n = 6) Habitual

700 mg of [U-13C]

ALA administered

Fractional appearance of 13C-labelled fatty

acids in plasma was ALA: 84%, EPA:

7.9%, n-3 DPA: 8.1%, DHA: n.d.
13C recovered in breath was 33.2% of dose

Pawlosky et al.

[16, 17]

Men (n = 5)

Women (n = 5)

Ad libitum

Fish-based

Beef-based

Increased conversion of 22:5n-3 to DHA in

females within beef-based diet

Giltay et al.

[21]

Men (n = 72)

Women (n = 103)

Controlled diet, free from fish Increased DHA in serum CE in females

Bakewell et al.

[23]

Men (n = 13)

Women (n = 23)

Habitual intakes Increased DHA in plasma TG, NEFA, PC,

and total lipids in females

Crowe et al.

[22]

Men (n = 1,246)

Women (n = 1,547)

Habitual intakes Increased DHA in serum PL and CE in

females

Increased EPA in PL and CE and increased

n-3 DPA in PL in men

Marangoni

et al. [72]

Men (n = 47)

Women (n = 61)

Habitual intakes Increased n-3 DPA in whole blood in males

Metherel et al.

[24]

Men (n = 10)

Women (n = 10)

Baseline habitual diet

4 week supplementation

of 4.8 g/day of EPA ? DHA,

8-week washout on habitual diet

Increased DHA and decreased n-3 DPA in

whole blood and erythrocytes of females at

baseline.

Increased DHA:EPA ratio in women in

various blood fractions disappeared with

supplementation

ALA alpha-linolenic acid, PC phosphatidyl choline, PE phosphatidyl ethanolamine, D5D delta-5 desaturase, D6D delta-6 desaturase, DHA
docosahexaenoic acid, CE cholesteryl esters, PL phospholipids, EPA eicosapentaenoic acid, DPA docosapentaenoic acid, PS phosphatidyl serine,

FABP fatty acid binding protein, PPAR peroxisome proliferators activated receptor, n.d. not detected
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non-esterified fatty acids, triacylglycerides, cholesteryl

esters, and erythrocytes [82]. To our knowledge, a direct

examination of the effect of age and sex on biosynthesis

and accumulation of DHA has not been completed.

Role of Estrogen in DHA Biosynthesis

Sex differences in DHA levels appear to be mediated by

circulating sex hormones, particularly estrogen (studies

investigating hormone status or hormone manipulations,

and DHA are summarized in Table 2). Elevated DHA

content of female blood is possibly an evolutionary adap-

tation meant to provide fetal tissues with sufficient DHA

for neural development. During pregnancy, the concentra-

tion of DHA in maternal blood is significantly elevated in

the third trimester, when circulating levels of estrogen are

highest [12, 26, 83]. Presumably, this increase in maternal

DHA supports the fetal brain growth spurt in the third

trimester, as the fetus’ capacity to produce DHA from ALA

may be insufficient to meet the extreme demand [25, 84].

With postpartum, maternal estrogen and circulating

maternal DHA levels decrease [12, 26].

Blood levels of DHA have been associated with exog-

enous sex hormone interventions. Postmenopausal women

have been observed to have decreased DHA in erythrocyte

phospholipids [85], and postmenopausal women undergo-

ing hormone replacement strategies including both direct

hormone replacement and selective estrogen-receptor

modulators have increased circulating DHA relative to

postmenopausal women not using hormone therapies [86,

87]. Women taking an estradiol-based contraceptive pill

also have elevated blood and erythrocyte DHA levels as

compared to women not taking oral contraceptives [21,

88]. Similarly, DHA increased in the plasma cholesteryl

esters of male-to-female transsexuals receiving oral ethinyl

estradiol, while plasma cholesteryl ester DHA decreased in

the blood of female-to-male transsexuals receiving testos-

terone treatment [21].

In rats, EPA and DHA in plasma phosphatidyl choline

correlate strongly with female sex hormones (estrogen and

progesterone), and plasma, liver, and adipose EPA and

DHA content vary inversely with testosterone [89]. DHA

in liver phospholipids and plasma phosphatidyl choline

have been observed to be higher in females as compared

with males after n-3 deficiency/repletion [76]. Higher DHA

has also been seen in female rat plasma and liver phos-

pholipids in different diets containing varying levels of

total fat and ALA [77]. Decreased erythrocyte DHA has

been observed after ovariectomization as compared with

sham-operated controls [90]. In addition, neuroblastoma

cells incubated with ALA and estradiol exhibit higher EPA

and DPAn-3 in phosphatidyl ethanolamine and increased

expression of D5D as compared with cells incubated with

ALA alone [91, 92]. Interestingly, treating neuroblastoma

cells with dehydrotestosterone decreases EPA and DHA in

phosphatidyl ethanolamine, and decreases D5D expression

[91].

Based on current evidence, it appears that sex influences

the concentration of circulating DHA, resulting in higher

levels in females. This difference is associated with

estrogen, and appears to involve increased conversion of

ALA to DHA, in particular the conversion of 22:5n-3–

22:6n-3, and only during low dietary intake of n-3 HUFA.

It is possible that estrogen may increase the concentration

or activity of DHA synthesis enzymes, including desatu-

rases, elongases, and peroxisomal b-oxidation enzymes

resulting in enhanced DHA biosynthesis.

Estrogen Signalling Mechanisms

Estrogen exerts many effects on a variety of different tissue

types, and its actions are mediated by both direct interac-

tion with the genome and nongenomic mechanisms [93].

The effects of estrogen are mediated primarily by estrogen

receptors (ERa and ERb in mammals) which exhibit a

variety of subcellular localizations depending on tissue

type [94, 95]. For example, in endometrial cells, ERa is

primarily found at the cell membrane, whereas in breast

cancer cells it is in the nucleus [95].

In direct genomic estrogen signaling, the binding of

estrogen to estrogen receptors results in dimerization with

another estrogen receptor (ERa or ERb) followed by

binding to an estrogen response element in the promoter of

a target gene, causing altered transcription of that gene. In

‘‘nongenomic’’ estrogen signaling, estrogen binds to and

activates estrogen receptors anchored to the plasma mem-

brane [96], or a G-protein known as G-protein receptor 30

(GPR30) [97]. Dimerization to another estrogen receptor

can also occur with this mechanism [98], however the

signal transduction that results from the activation of these

membrane bound receptors involves a number of second

messenger protein kinases and calcium signaling mecha-

nisms, rather then direct genomic interaction (some are

presented below, and are extensively reviewed in [93]).

The observational link between circulating estrogen and

DHA production suggests that estrogen increases the

expression of the enzymes involved in DHA production

from shorter-chain n-3 PUFA. However, to our knowledge,

no estrogen response elements have been identified to date

that influence the expression of any of the genes involved

in DHA synthesis (D6D, D5D, acyl-CoA oxidase), sug-

gesting that the estrogen dependent induction of these

genes occurs through indirect mechanisms. Several reliable

techniques exist for determining the presence of estrogen
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Table 2 Summary of studies investigating effects of exogenous estrogen and menopause on DHA content or metabolism

Author [reference] Cell/subjects Treatment Effects of gender or steroids on

measurements

Cell culture

Alessandri et al. [92] SH-SY5Y neuroblastoma

(n = 3 for each condition)

10 nM 17b-estradiol

30 lM of ALA alone

10 nM 17b-estradiol with

30 lM of ALA

Increased EPA and n-3 DPA in PE with

17b-estradiol treatment

Extier et al. [91] SH-SY5Y neuroblastoma

(n = 4 for each condition)

7 lM ALA, LA, or ALA/LA,

10 nM 17b-estradiol,

dehydrotestosterone,

progesterone or control.

Increased EPA and n-3 DPA and

increased D5D expression with ALA,

and 17b-estradiol treatment

Decreased EPA and DHA and decreased

PPARa and D5D expression with ALA

and dehydrotestosterone treatment

Decreased D6D expression with

progesterone treatment

Human

Stark et al. [29] Females (43–69 years) Premenopausal (n = 19)

Postmenopausal taking hormone therapy

(n = 40)

Postmenopausal not taking hormone

therapy (n = 34)

Increased DHA and n-3 DPA in plasma

PL in postmenopausal women not

taking hormone therapy

Sumino et al. [87] Postmenopausal women

(43-63 years)

Taking conjugated equine estrogen and

medroxyprogesterone acetate (n = 59)

Not taking hormone therapy (n = 45)

Increased plasma DHA and EPA total

lipids in women taking hormones

Giltay et al. [21] Male-to-female

transsexuals (eugonadal)

Cyproterone acetate alone (n = 16)

Cyproterone acetate with oral ethinyl

estradiol (n = 15)

Transdermal 17b-estradiol (n = 15)

Increased DHA in serum CE with

cyproterone acetate with oral ethinyl

estradiol

Female-to-male

transsexuals

(ovariectomized)

Testosterone esters plus anastrozole

(n = 16)

Placebo (n = 14)

Testosterone esters alone (n = 17)

Decreased DHA in serum CE with

testosterone esters alone

Females Using oral contraceptives (n = 32)

No oral contraceptive use (n = 71)

Controlled diet, free from fish

Non-significant increase in DHA in serum

CE with oral contraceptive use

(P = 0.08)

Giltay et al. [86] Postmenopausal females

(47–59 years)

Males (60–70 years)

Females 60 mg raloxifene/day (n = 23)

Females 150 mg raloxifene/day (n = 20)

Females conjugated equine estrogen with

medroxyprogesterone acetate (n = 17)

Females placebo (n = 23).

Males 120 mg raloxifene/day (n = 15)

Males placebo (n = 15)

Increased DHA in plasma CE in post-

menopausal women taking 150 mg/day

raloxifene and in women taking equine

estrogens with medroxyprogesterone

acetate at 24 months compared to

baseline

Stark and Holub [30] Postmenopausal females

(45–70 years)

Postmenopausal taking hormone therapy

(n = 18)

Postmenopausal not taking hormone

therapy (n = 14)

2.8 g algal DHA vs. placebo in crossover

design

Increased estimates of retroconversion of

DHA to EPA in plasma phospholipids

of women not taking hormone therapy

PLs phospholipids, DHA docosahexaenoic acid, DPA docosapentaenoic acid, CE cholesteryl esters, ALA alpha-linolenic acid, LA linoleic acid,

D5D delta-5 desaturase, D6D delta-6 desaturase, PPAR peroxisome proliferators activated receptor, EPA eicosapentaenoic acid, PE phosphatidyl

ethanolamine
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response elements on any gene on a genome-wide basis

[99, 100], however genome-wide screening for these

elements in DHA-producing genes has not been reported.

Peroxisome Proliferator-Activated Receptor a (PPARa)

The structure, ligand-binding, DNA-binding and metabolic

actions of PPARs have been reviewed [101, 102]. PPARs

are ligand-activated transcription factors belonging to the

nuclear steroid receptor superfamily. Inactive PPARs are

bound to corepressor proteins which are released upon

ligand binding to the PPAR through a conformational

change to the PPAR. This conformational change allows

the PPAR to bind to the retinoid-x-receptor and co-activator

proteins that facilitate binding of the complex to DNA

through a number of different mechanisms including

histone acetylase activity [103]. This activated complex

then interacts with peroxisome proliferator response

elements (PPRE; nucleotide regions with an imperfect

direct repeat-1 motif) in the promoter region of target

genes, and gene transcription is modulated.

Three distinct PPARs have been discovered with vary-

ing tissue expression, genomic targets, and ligands:

PPARa, PPARc (PPARc1 and PPARc2 are produced from

the same gene by different promoters), and PPARb/d. All

three subtypes bind to the direct repeat-1 motif, however,

each PPAR subtype distinguishes its targets by differences

in the region directly upstream of this motif [101].

PPARa is expressed in metabolically active tissues such

as liver, heart, kidney, skeletal muscle and brown adipose

tissue [104, 105] and is known to regulate the expression

of genes involved in PUFA desaturation (D6D, D5D)

[35, 106], peroxisomal b-oxidation (acyl-CoA oxidase,

D-bifunctional protein) [107, 108], and fatty acid transport

(cytosolic fatty acid binding protein, fatty acid transport

protein, acyl-CoA binding protein) [109, 110], all of which

are involved in DHA formation (a review of PPARa
responsive genes is available [111]). PPARa plays a large

role in lipid homeostasis by increasing peroxisomal and

mitochondrial b-oxidation rates, and producing energy and

acetyl units for ketone body formation in periods of fasting

and/or low carbohydrate intake [112].

Natural ligands for PPARa include PUFA (n-3 and n-6),

monounsaturated fatty acids, and eicosanoids such as leu-

kotriene B4 and hydroxyeicosatetraenoic acids [36].

Fibrates such as clofibrate, fenofibrate, and bezafibrate are

synthetic ligands for PPARa and are effective lipid-low-

ering agents in humans, while in rodents fibrates cause

increased hepatic peroxisome number, hepatomegaly, and

carcinogenesis at higher doses [111].

PPARa can be phosphorylated at multiple sites, result-

ing in increased activity (reviewed in [113]). The

mechanism by which phosphorylation increases PPARa
activity has not been elucidated, however, some evidence

suggests that phosphorylation of PPARa results in a

decreased affinity for corepressor proteins [114]. This

finding is significant, as it suggests that phosphorylated

PPARa is more likely to be activated at a biological con-

centration of PPARa ligands, such as PUFA.

Estrogen and PPARa

There is strong evidence that estrogen signaling interacts

with PPARa-dependent gene transcription particularly with

regards to lipid metabolism. For example, mice deficient in

aromatase, and therefore unable to synthesize estrogen,

succumb to hepatic steatosis resulting from elevated hepatic

lipid accumulation and deficient b-oxidation [115]. How-

ever, estrogen supplementation prevents this effect by

increasing mitochondrial and peroxisomal b-oxidation rates

via increased expression of mitochondrial and peroxisomal

b-oxidation enzymes (acyl-CoA oxidase, medium chain

acyl-CoA dehydrogenase) [115, 116], similar to the effect of

PPARa activation. Additionally, the expression of stearoyl-

CoA desaturase 1, a PPARa-induced gene, is significantly

increased in female mouse livers and results in elevated

hepatic oleate production [117]. Also, mitochondrial b-oxi-

dation is increased in women but not in men fed a high oleate

diet (31.4% of energy), indicating a sex difference in the

metabolic response to oleate, a weak PPARa ligand [118].

Treating ovariectomized rats with 17b-estradiol increases

PPARa content and expression of PPARa-dependent lipid

oxidation genes in red gastrocnemius muscle [119]. Signif-

icant increases in the expression and transcriptional activity

of PPARb/d, and an increase in the expression of lipid oxi-

dation genes under transcriptional control of PPARa, inde-

pendent of an increase in PPARa expression in liver, muscle,

and adipose tissue has been demonstrated using a similar

approach [120]. Reduced fat accumulation in female but not

male mice has also been observed after treatment with

phytol, a peroxisome proliferator [121].

The expression of fatty acid binding proteins (FABP),

which is increased following PPARa activation [122], is

also much higher in females than in males [123, 124].

FABP transports fatty acids to the nucleus and has been

observed to co-localize with and possibly increasing the

activity of PPARa in fibroblasts and primary mouse

hepatocytes [125–127]. However, transient transfection of

fibroblasts with FABPs decreased tetradecylthioacetic acid

stimulated PPAR activity [128].

Similarly, estrogen administration causes peroxisome

proliferation in the uropygial glands of male and female

mallard ducks, accompanied by an increase in the peroxi-

some-dependent production of 3-hydroxy fatty acid
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diesters [129]. In humans, the rate of DHA retroconversion

to EPA, a process dependent on peroxisomal activity, is

increased in postmenopausal women receiving hormone

replacement therapy as compared with postmenopausal

women not receiving this treatment [30]. Additionally,

phospholipids and long chain PUFA in the brain are

increased in female but not male PPARb knockout mice

suggesting sexual dimorphisms and a role of PPARb in

paroxysmal acyl-CoA use in the brain [130]. Considerable

differences exist in the response of PPARa and PPARb/d to

some natural ligands (particularly 8(S)-HETE) [131], and

that generalizing in vivo results between different PPARs

should be done with caution. Nonetheless, it seems that sex

differences exist in other PPARs, as well as PPARa.

In a transgenic luciferase-59PPRE mouse, it was shown

that liver exhibited significantly lower PPARa transcrip-

tional activity in females as compared with males in

response to oral fibrate administration, food withdrawal,

and reversal of feeding schedule [132]. These sexual di-

morphisms remained despite ovariectomization and cas-

tration that suggests gonadal hormones are not involved.

These observations may also be a dependent on the pres-

ence of the 5 PPREs in this model as similar observations

have not been confirmed in mice with intact genomes.

However, this transgenic model does support the notion that

sex differences exist in PPARa-dependent gene transcrip-

tion. Similarly, male as compared with female mice express

more PPARa-dependent genes in response to 2 weeks of

daily oral trichloroethylene treatment, suggesting a sex

specific response to exogenous activators of PPARa [133].

Observations in PPARa-null mice strongly illustrate the

interaction between estrogen and PPARa. Normally,

ovariectomization results in significant gains in adipose

tissue mass, while subsequent treatment with exogenous

estradiol relieves this effect. However, in PPARa-null

mice, no significant changes in adipose tissue are observed

upon ovariectomization and subsequent estradiol adminis-

tration, suggesting that the effect estrogen has on fat oxi-

dation is dependent on the presence of PPARa [134].

Circulating leptin concentrations decrease in PPARa-null

mice as compared with control mice, with a sex-specific

effect in the leptin response to feeding as leptin was

increased in female PPARa-null mice as compared with

male PPARa-null mice [135].

The evidence presented above infers that a significant

biological interaction exists between estrogen signaling

and PPARa activity, and is present in several animal

models. Accordingly, understanding the mechanism by

which estrogen regulates PPARa may provide a better

understanding of observations of sexual dimorphisms in n-

3 PUFA metabolism. Interestingly, in vitro ligand binding

analysis has shown that 17-b estradiol is a weak direct

activator of PPARa, suggesting that it is not a PPARa

ligand [36]. However, many interactions exist between

estrogen signaling and PPARa, including protein kinases

and other mechanisms, which suggest that estrogen acts on

PPARa indirectly.

Estrogen Increases PPARa Activity by Phosphorylation

It is known that the phosphorylation (and corresponding

activity) of PPARa is enhanced by several of the protein

kinase systems activated by membrane bound estrogen

receptors. By phosphorylating PPARa, estrogen will

enhance DHA formation by increasing the transcription of

enzymes involved in this pathway (Fig. 2).

Estrogen binding to membrane bound estrogen receptors

activates extracellular receptor kinase-mitogen activated

protein kinase (ERK-MAPK) in a variety of tissue types/

cell lines. Injection of 17-b-estradiol increases ERK-

MAPK activity in several rat brain structures [38] and the

addition of estrogen to male derived hypothalamic nuclei in

vitro results in significant elevations in the activity of

MAPK [39]. Furthermore, the addition of estrogen to cul-

tured muscle cells [136] and breast cancer cells [137] also

results in elevated ERK-MAPK activity, illustrating that

this effect is shared by a variety of tissues.

Phosphorylation and increased activity of PPARa
resulting from MAPK-mediated signal transduction has

been well documented in a variety of cellular processes.

Hepatic PPARa is known to be phosphorylated at two

serine residues in response to insulin signaling via the

ERK-MAPK system, resulting in increased PPARa-

dependent gene transcription [114, 138]. The incubation of

cultured myotubes with adiponectin results in elevated

activity of ERK-MAPK and corresponding phosphoryla-

tion of PPARa, resulting in increased target gene expres-

sion and lipid catabolism [139]. Similarly, phosphatidyl

inositol supplementation also increases PPARa activity via

ERK-MAPK-dependent phosphorylation in human hepa-

tocyte cell lines [140], resulting in PPARa-dependent

production and secretion of apolipoprotein A-1.

Estrogen also activates protein kinase A phosphorylation

systems. In vitro research with hippocampal neurons indi-

cates that estrogen causes significant protein kinase A

activation that is dependent on the presence of membrane-

bound estrogen receptors [37]. Estrogen has been observed

to cause protein kinase A dependent phosphorylation of

N-methyl-D-aspartic acid receptors in rat spinal neurons,

lessening the perception of pain by the animal [141]. In rat

liver tissue, estrogen interaction with GPR30 results in

activated protein kinase A signal transduction and preven-

tion of apoptosis following organ injury [142]. Activation of

protein kinase A signaling by cholera toxin has also been

shown to increase the phosphorylation and transcriptional
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activity of PPARa [143]. Protein kinase A phosphorylates

several enzymes in lipid-utilization systems and metabo-

lism, including diacylglycerol lipase in the brain [144].

Phosphorylation of 50AMP-activated protein kinase has

also been observed in response to 17b-estradiol supple-

mentation in the skeletal muscle of ovariectomized rats.

Lipid oxidation in white adipose tissue [145] and skeletal

muscle [146] is increased during AMP-activated protein

kinase (AMPK) activation, and it has been found that

siRNA inhibition of PPARa prevents this response [146].

Phosphorylation of PPARa via activation of membrane

bound estrogen receptors is likely similar to the estrogen

mediated phosphorylation and increased activity of cAMP

response element binding (CREB) protein. Activation of

CREB protein results in the increased expression of anti-

apoptotic proteins, including the Bcl-2 family [147]. It has

been well established that estrogen binding to membrane

bound estrogen receptors results in the phosphorylation and

increased activity of CREB protein. The precise protein

kinase that mediates this phosphorylation varies by tissue,

as protein kinase A is responsible in ZR-75 breast cancer

cells [148], and protein kinase B/Akt and ERK-MAPK

mediate this response in neuronal cells [149]. The increased

CREB protein activity that results from phosphorylation has

anti-apoptotic effects in all cell types, indicating increased

CREB protein-dependent transcription.

Increased Concentration of Intracellular

PPARa Ligands

Despite not being a PPARa ligand, estrogen may increase

the intracellular concentrations of effective PPARa ligands,

particularly PUFA and eicosanoids (Fig. 3). PUFA are

most often found in the inner membrane leaflet of cells, in

the sn-2 position of phosphatidyl ethanolamine [150].

Hydrolytic release of PUFA from this position for cell

signaling or eicosanoid synthesis is catalyzed by phos-

pholipase A2 (PLA2). Upon phosphorylation, the activity

and a calcium-dependent isoform of PLA2 (Ca2?-PLA2) is

increased, and the enzyme becomes localized in the cell

membrane and nuclear envelope regions. By localizing in

these regions, Ca2?-PLA2 functions to release PUFA from

biological membranes for cell signaling and eicosanoid

synthesis.

Similarly to PPARa, activation of the ERK-MAPK

signaling cascade has been observed to phosphorylate

Ca2?-PLA2 in HeLa cells [151, 152]. Because estrogen has

been observed to activate the ERK-MAPK system [38], as

well as IP3-dependent calcium signaling cascades [153–

155], estrogen would be expected to increase the activity of

Ca2?-PLA2. Indeed, in pregnant rats uterine Ca2?-PLA2

activity is elevated near gestation in response to increased

estradiol concentrations [156]. Estradiol-administration

also enhanced the activity of Ca2?-PLA2 of mussel

(Mytilus galloprovincialis) blood cells [157].

Eicosanoids are known to be involved in atherosclerosis,

bronchial asthma, and many other inflammatory conditions

[158]. Prostaglandins are produced in most tissue types,

and are known to activate PPARa [36]. These cytokines are

produced by enzymes known as cyclooxygenases (COX) of

which there are two types: COX-1, which is constitutively

expressed in most tissue types, and COX-2, the expression

of which is induced during periods of inflammation. With

regards to estrogen, increased COX-2 expression has been

observed in response to elevated estrogen in human
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amnion, resulting in elevated prostaglandin E2 production

[159].

Conclusions

The current knowledge of sex differences in n-3 PUFA

metabolism is presently outlined and various likely mech-

anisms mediating the elevated n-3 HUFA synthesis

observed in females have been indicated. Women have

higher circulating concentrations of DHA as compared

with men that is associated with estrogen, and is a result of

increased conversion of ALA into DHA. This increased

conversion likely involves the increased expression/activity

of DHA synthesis enzymes, highlighting possible interac-

tion between estrogen signaling mechanisms and the

expression of enzymes responsible for the synthesis of

DHA. Two likely mechanisms by which estrogen increases

PPARa activity and subsequent DHA formation are pre-

sented: (1) estrogen increases the activity of ERK-MAPK

and protein kinase A, which phosphorylate and increase the

activity of PPARa, and/or (2) estrogen increases the

intracellular concentration of both PUFA and eicosanoids,

PPARa ligands, via elevated Ca2?-PLA2 and COX-2

activities, resulting in activation of PPARa. By increasing

the activity of PPARa, estrogen likely causes elevated

transcription of the enzymes involved in DHA synthesis,

including desaturases, elongases, and peroxisomal b-oxi-

dation enzymes. The increased activity of these enzymes

results in the increased production of DHA, contributing to

the elevated tissue DHA content observed in females.

A more complete understanding of these interactions is

required to understand the health benefits of individual n-3

PUFA and to assist in the determination of dietary rec-

ommendations for ALA, EPA, DPAn-3 and DHA. The

impact of hormonal status on n-3 PUFA metabolism may

be important for DHA availability for maternal–fetal

transport during pregnancy. In addition, subtle differences

in DHA production may be contributing to observed sexual

dimorphisms in sudden cardiac death. The interaction

between estrogen and fatty acid metabolism requires fur-

ther research including an examination of the effects of

various gonadal hormones, the impact of fluctuations in

hormones throughout the life cycle including physiological

challenges such as pregnancy, and the impact of the dietary

intake of specific fatty acids. In addition, an enhanced

understanding of the regulation and control of DHA bio-

synthesis may assist in efforts to produce alternative food

sources of DHA and aid in the challenge of meeting the

potential global demand for EPA and DHA.
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Abstract Lysophosphatidylcholine is known to be a lipid

mediator in various cellular responses. In this study, we

examined the anti-inflammatory actions of lysophosphati-

dylcholine containing docosahexaenoic acid esterified at

the sn-1 position. First, in RAW 264.7 cells, DHA-lys-

oPtdCho suppressed the LPS-induced formation of NO

concentration-dependently. However, ARA-lysoPtdCho

showed a partial suppression, and LNA-lysoPtdCho had no

significant effect. Additionally, DHA-lysoPtdCho also

reduced the level of TNF-a or IL-6, but not PGE2. In

animal experiments, the i.v. administration of ARA-lys-

oPtdCho (150 or 500 lg/kg) prevented zymosan A-induced

plasma leakage remarkably with a maximal efficacy

(Emax) of 50%, in contrast to no effect with LNA-lys-

oPtdCho. Remarkably, DHA-lysoPtdCho suppressed

zymosan A-induced plasma leakage with an ED50 value of

46 lg/kg and an Emax value of around 95%. Additionally,

mechanistic studies indicated that the anti-inflammatory

action of DHA-lysoPtdCho was partially related to the

reduced formation of LTC4, TNF-a, and IL-6. When the

interval time between lysoPtdCho administration and

zymosan A challenge was extended up to 2 h, such a

suppressive action of DHA-lysoPtdCho was augmented,

suggesting that a DHA-lysoPtdCho metabolite is important

for anti-inflammatory action. In support of this, 17-

HPDHA-lysoPtdCho showed a greater anti-inflammatory

action than DHA-lysoPtdCho. Furthermore, a similar anti-

inflammatory action was also observed with i.p. adminis-

tration of DHA-lysoPtdCho or a 17(S)-hydroperoxy

derivative. Additionally, oral administration of DHA-lys-

oPtdCho also expressed a significant anti-inflammatory

action. Taken together, it is proposed that DHA-lysoPtd-

Cho and its metabolites may be anti-inflammatory lipids in

vivo systems.

Keywords Anti-inflammatory � Nitric oxide �
DHA-lysoPtdCho � 17-HPDHA- lysoPtdCho �
Docosahexaenoic � LPS � Zymosan A � RAW 264.7 cell
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LOX Lipoxygenase

ED50 50% effective dose

IC50 50% inhibitory concentration

PLA2 Phospholipase A2

LTC4 Leukotriene C4

PGE2 Prostaglandin E2

IL-6 Interleukin-6

TNF-a Tumor necrosis factor alpha

NO Nitric oxide

Introduction

Previously, certain families of lipid-derived mediators were

reported to be implicated in inflammatory diseases such as

asthma, rheumatoid arthritis, or inflammatory bowel dis-

ease [1–6]. Although much is known about the molecular

basis of initiating signals and pro-inflammatory chemical

mediators in inflammation, it has recently become apparent

that endogenous lipid mediators participate in events of

inflammatory or anti-inflammatory events [7, 8]. Arachi-

donic acid (ARA), released from PLA2-catalyzed hydro-

lysis of phosphatidylcholine, is converted to leukotrienes or

lipoxins via the lipoxygenase enzymatic pathway, and to

prostaglandins via the cyclooxygenase enzymatic pathway.

Especially, prostaglandin E2 (PGE2) and leukotriene B4

(LTB4) are well known to be representative pro-inflam-

matory lipid mediators [9], whereas lipoxins have recently

been reported to show an anti-inflammatory action [7].

Remarkably, arachidonate-derived eicosanoids in inflam-

matory exudates include lipoxins in addition to prosta-

glandins and leukotrienes. 5-Lipoxygenase (5-LOX) is

crucial for the formation of leukotrienes and lipoxins, while

12/15-lipoxygenase is important for the formation of lip-

oxin [7, 9–12]. Furthermore, resolvins, which are generated

from the oxygenation of eicosapentenoic acid at C-15, and

protectins, derived from oxygenation of docosahexaenoic

acid (DHA) at C-17 have also been reported to be potent

anti-inflammatory lipid molecules.

Meanwhile, lysophosphatidylcholine (lysoPtdCho), another

product from PLA2-catalyzed hydrolysis of phosphatidyl-

choline, has been reported to be pro-inflammatory [1–3, 6,

13]. The pro-inflammatory action of lysoPtdChos, saturated

or monounsaturated, may be due to the generation of

reactive oxygen species or nitric oxide in various types of

cells [14–17]. Additionally, our recent study also indicated

that LNA-lysoPtdCho showed a cytotoxic effect, accom-

panied by ROS formation [18]. Previous studies reported

that lysoPtdChos with a polyunsaturated acyl group were

present in animal sources. In plasma, LNA-lysoPtdCho,

ARA-lysoPtdCho, and DHA-lysoPtdCho existed at a

substantial level in plasma [19–21]. In addition, DHA-

lysoPtdCho was one of the major lipid components in

shark liver extract [22]. Noteworthy, our recent studies

demonstrated that polyunsaturated-lysoPtdChos containing

linoleoyl, arachidonoyl, or docosahexaenoyl group was

efficiently oxygenated by reticulocyte 15-LOX or leuko-

cyte 12/15-LOX [23–25]. Therefore, it was supposed

that lysoPtdChos with polyunsaturated acyl groups could

affect the formation of lipid mediators such as lipoxin [7].

Separately, in our study, ARA-lysoPtdCho and DHA-

lysoPtdCho were found to strongly inhibit mammalian

5-LOX activity [26], responsible for the generation of

pro-inflammatory leukotrienes [9]. Meanwhile, DHA, a

hydrolysis product of DHA-lysoPtdCho, is known to show

anti-inflammatory action [27] while ARA, the hydrolysis

product of ARA-lysoPtdCho, is converted to lipid metab-

olites, pro-inflammatory or anti-inflammatory. Nonethe-

less, there has been no knowledge about the effect of

polyunsaturated-lysoPCs on inflammation in vivo system.

In this regard, we examined anti-inflammatory effects of

lysoPtdChos containing polyunsaturated acyl group in vitro

as well as in vivo system.

Materials and Methods

Materials

Dilinoleoyl phosphatidylcholine, diarachidonoyl phospha-

tidylcholine, and didocosahexaenoyl phosphatidylcholine

(purity, 99%) were from Avanti Polar Lipid (Alabaster,

AL, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tet-

razolium bromide (MTT), soybean lipoxygenase-1 (Type

I-B), phospholipase A2 (PLA2) (honey bee venom), lipo-

polysaccharide (LPS) (from Escherichia coli serotype

0111:B4; purity [99%) and zymosan A (from Saccharo-

myces cerevisiae) were purchased from Sigma-Aldrich

Corp (St. Louis, MO, USA). PGE2 and LTC4 EIA kit were

procured from Cayman Chemical (Ann Arbor, MI, USA).

TNF-a ELISA kit was from Invitrogen Corp (Camarillo,

CA, USA) and IL-6 ELISA kit was obtained from

Ebioscience Inc Co (California, USA). LNA-lysoPtdCho,

ARA-lysoPtdCho, DHA-lysoPtdCho were prepared from

PLA2-catalyzed hydrolysis of the corresponding phos-

phatidylcholines as described previously with a slight

modification [23–26]. In brief, didocosahexaeonyl-phos-

phatidylcholine (2.5 mg), dissolved in chloroform, was

dried under N2, and then rapidly dispersed in 10 ml of

50 mM borax buffer (pH 9.0) containing 10 mM CaCl2.

The hydrolysis was started by adding PLA2 (100 units),

and allowed to continue under N2 with constant stirring for

2 h at 25 �C. The reaction mixture was partially purified by

a Sep-pack column (2 9 1 cm) and the lysophospholipid
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product was further purified by silica gel TLC in the sol-

vent system (chloroform: methanol: water: 65:25:4).

Finally, the spot containing DHA-lysoPtdCho was scraped

off, extracted with methanol, dried under nitrogen and kept

at -80 �C until use and 17-HPDHA-lysoPtdCho was pre-

pared as described previously [26]; briefly, soybean LOX-1

(200 units/ml) was incubated with DHA-lysoPtdCho

(200 lM) in borax buffer (50 mM, pH 9.0) for 30 min.

Subsequently, the mixture was passed through a C18 col-

umn (2 9 1 cm), and the products were eluted with

methanol and concentrated under N2 gas.

Measurement of Polyunsaturated LysoPtdCho Induced

Cytotoxicity in RAW 264.7 cells

RAW 264.7 cells were cultured in DMEM supplemented

with penicillin (100 units/ml), streptomycin (100 lg/ml)

and heat-inactivated FBS (10% v/v) at 37 �C in 5% CO2

(19). Cells with passages from 6 to 13 were harvested, and

seeded in 96-well plate (5 9 104 cells/well), followed by

24 h incubation. Then, cells were pre-incubated with each

polyunsaturated lysoPtdCho (0–60 lM) in the medium

for 2 h, and then incubated in the presence or absence

of LPS (1 lg/ml) at 37 �C for 20 h. Cell viability was

examined by the assay using MTT [18]; briefly, RAW cells

(5 9 104 cells/well) were exposed to MTT reagent

(500 lg/ml) at 37 �C for 4 h. After the removal of the

medium, the formazan was extracted from cells by dis-

rupting the cell membranes with dimethylsulfoxide. The

cell viability was measured by determining the absorbance

at 570 nm with a reference at 690 nm.

Preventive Effect of LysoPtdCho on LPS-Induced NO

Production in RAW 264.7 Cells

RAW 264.7 cells (5 9 104 cells/well) were preincubated

with polyunsaturated lysoPtdCho (0–60 lM) at 37 �C for

2 h, and then the production of NO (nitric oxide) was

stimulated with LPS (1 lg/ml) during further incubation

for 20 h. The production of NO was determined by using

the Griess reagent consisting of 1% sulfanilamide and 0.1%

N-(1-naphthyl) ethylenediamine dihydrochloride in 2.5%

H3PO4 [18].

Effect of DHA-lysoPtdCho on LPS-Induced TNF-a,

IL-6, and PGE2 Formation in RAW 264.7 Cells

To investigate the effect of DHA-lysoPtdCho on TNF-a,

IL-6, and PGE2 formation in LPS-treated cells, RAW 264.7

cells (5 9 104), seeded on 96-well plate, were pre-incu-

bated with DHA-lysoPtdCho (0–40 lM) 2 h prior to

treatment with LPS (1 lg/ml) for 20 h at 37 �C, in a 5%

CO2 incubator. The cell-free supernatants were collected

for the determination of TNF-a, and IL-6 by ELISA kit and

PGE2 by EIA kit according to the manufacturers’ manuals.

Effect of Polyunsaturated LysoPtdCho on Zymosan

A-Induced Peritonitis in Mice

ICR mice (male, 6 weeks) were housed under a 12 h: 12 h

light–dark cycle and fed with unlimited commercial food

and water. Peritoneal inflammation was induced in ICR

mice according to a previously reported method [28, 29]

with some modifications. For the measurement of plasma

leakage, polyunsaturated PtdChos, polyunsaturated lys-

oPtdChos (0–500 lg/kg) or their derivatives were admin-

istrated intravenously, intraperitoneally or orally 30–60 min

prior to intravenous injection of 0.5% Evans blue dye

(200 ll), dissolved in PBS, and intraperitoneal injection of

zymosan A (100 mg/kg), prepared freshly in PBS. Then

30 min later, mice lightly anesthetized were decapitated

and blood was collected to obtain serum as described

previously [30]. Meanwhile, peritoneal lavages were per-

formed with 4 ml of ice cold PBS followed by the brief

centrifugation to get supernatant. Subsequently, the con-

centration of Evans blue dye in peritoneal lavage fluid and

in serum was determined by measuring absorbance at

620 nm, and calculating the amount to (lg/ll) using an

Evan Blue standard curve. The volume of plasma leakage

(ll) for 30 min after zymosan A i.p. injection was calcu-

lated by dividing the amount of Evans blue dye in the

peritoneal lavage fluid (lg) by the concentration of Evans

blue dye in the serum (lg/ll) [31].

For the measurement of leukocyte infiltration, lysoPtd-

Chos and their derivatives were administered i.v. 30 min

prior to i.p. administration of zymosan A as described

above. Total cell counting were performed for lavage fluid

collected at the 90 min time point using light microscopy

together with trypan blue staining [31, 32].

Determination of LTC4, TNF-a, and IL-6 Levels

in Peritoneal Lavage Fluid

In order to determine the level of LTC4, TNF-a, and IL-6 in

exudates, 1 ml of peritoneal lavage fluid was transferred

to microcentrifuge tubes, and centrifuged (15,000 rpm,

5 min). The supernatant was used directly for the analysis

of TNF-a and IL-6 by ELISA kit, and analysis of LTC4 by

enzyme immunoassay (EIA) kit according to the manu-

facture’s instructions [31–33].

Effect of DHA-LysoPtdCho on Leukotriene C4-Induced

Plasma Leakage

DHA-lysoPtdCho (0–150 lg/kg) was injected into the tail

vein of mice, and 60 min later, 0.2 ml of 0.5% Evans blue
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dye dissolved in saline was intravenously injected just

before intraperitoneal (i.p.) administration of LTC4

(100 lg/kg). Samples of blood and peritoneal fluid were

collected as described above [34].

Statistical Analysis

Results were expressed as means ± SD. Statistical signif-

icance was evaluated using ANOVA and Student’s t test,

and P \ 0.05 was considered statistically significant.

Results

Our previous study indicated that polyunsaturated lys-

oPtdChos strongly inhibited mammalian 5-LOX activity

[9], an initial enzyme in the biosynthesis of inflammatory

LTC4 [26]. In the present study, we evaluated the anti-

inflammatory actions of polyunsaturated lysoPtdChos by

determining the effect of lysoPtdChos on LPS-induced

formation of inflammatory mediators such as NO, PGE2,

TNF-a, or IL-6.

Effects of Polyunsaturated LysoPtdChos on LPS-

Induced Production of Mediators in RAW 264.7 Cells

It is well known that the stimulation of macrophages by

LPS results in high-level production of nitric oxide [35]

through the expression of inducible nitric oxide synthase

(iNOS) in some cells such as macrophages [36]. First, to

see the effect of lysoPtdCho on LPS-induced NO forma-

tion, each lysoPtdCho (3–60 lM) was pre-incubated with

RAW 264.7 cells for 2 h, and then LPS (1 lg/ml) was

included in the same incubation. As shown in Fig. 1b,

LNA-lysoPtdCho had no significant suppressive effect on

LPS-induced NO formation up to 60 lM. Additionally,

ARA-lysoPtdCho also showed no significant inhibition

of LPS-induced NO formation at lower concentrations

(1–20 lM), although it had some suppressive effect at 60 lM.

In contrast, DHA-lysoPtdCho diminished the production of

NO in a concentration-dependent manner (12–200 lM),

and the 50% effective concentration (EC50) of DHA-lyso-

PtdCho was estimated to be 18.2 ± 2.1 lM (Fig. 1b).

Meanwhile, DHA at 20 lM suppressed LPS-induced NO

production by approximately 18% (data not shown), much

smaller than the suppression (*50%) achieved with DHA-

lysoPtdCho at 20 lM. In a separate experiment to see

whether the suppressive effect of DHA-lysoPtdCho on

LPS-induced NO production was related to its cytotoxic

action, the effect of DHA-lysoPtdCho on the viability of

RAW 264.7 cells was measured, based on the MTT assay.

Figure 1a indicates that DHA-lysoPtdCho and DHA-lyso-

PtdCho had no remarkable cytotoxic effect within the

concentrations used, whereas linoleoyl-lysoPC showed a

significant reduction of viability at 6 lM or higher con-

centrations. Thus, the suppressive effect of DHA-lysoPtd-

Cho on LPS-induced NO production was expressed at

non-cytotoxic concentrations. Subsequently, we turned to the

effect of DHA-lysoPtdCho on the level of TNF-a or IL-6 in

RAW 264.7 cells stimulated with LPS. Again, DHA-lys-

oPtdCho expressed a dose-dependent suppression of TNF-

a or IL-6 formation (Fig. 2). Next, we examined the effect

of DHA-lysoPtdCho on PGE2 formation in RAW 264.7

cells stimulated with LPS. However, DHA-lysoPtdCho up

to 200 lM failed to diminish the level of PGE2 (779 pg/ml)

in RAW 264.7 cells stimulated with LPS (1 lg/ml) only

(data not shown).

Effects of Polyunsaturated LysoPtdChos on Zymosan

A-Induced Plasma Leakage

Since DHA-lysoPtdCho exhibited a remarkable anti-

inflammatory action in vitro models, we examined whether

Fig. 1 Effect of polyunsaturated lysoPtdChos on cell viability or

LPS-induced NO production. RAW 264.7 cells were preincubated

with each polyunsaturated lysoPtdCho (LNA-lysoPtdCho, filled
squares; ARA-lysoPtdCho, filled diamonds; DHA-lysoPtdCho, filled
triangles) at various concentration (0–60 lM) for 2 h, and then

stimulated with LPS (1 lg/ml) for another 20 h. Cell viability (a) and

LPS-induced NO production (b) were determined as described in

‘‘Materials and Methods’’. Data were expressed as a percentile value

(%) of the LPS-treated group, which were pre-incubated with LPS

(1 lg/ml) in the absence of polyunsaturated-lysoPCs, and were

displayed as mean ± SE values of triplicate determinations.

*P \ 0.05 and **P \ 0.01 versus LPS-treated group
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polyunsaturated lysoPtdChos might attenuate zymosan A-

induced peritonitis in an animal model. In this study, each

lysoPtdCho was tested for the suppression of zymosan A-

induced plasma leakage into the peritoneum in mice, based

on extravasation of Evans blue dye indicative of vascular

permeability. As shown in Fig. 3a, the i.v. administration

of LNA-lysoPtdCho up to 500 lg/kg did not reduce the

level of exudate infiltration induced by zymosan A, when it

was administered 30 min before i.p. administration of

zymosan A (100 mg/kg). Meanwhile, ARA-lysoPtdCho

(150 lg/kg) was observed to decrease the level of exudate

infiltration induced by zymosan A, but the elevation of

ARA-lysoPtdCho dose to 500 lg/kg failed to further

enhance the suppressive effect (Fig. 3b). Furthermore

(Fig. 3c), DHA-lysoPtdCho expressed a remarkable sup-

pression of zymosan A-induced plasma leakage in a dose-

dependent way up to 500 lg/kg; a significant decline of

zymosan A-induced plasma leakage into the peritoneum

was observed with DHA-lysoPtdCho at a dose as small as

15 lg/kg (P \ 0.05). Further, the administration of DHA-

lysoPtdCho at a higher dose (500 lg/kg) almost completely

suppressed the zymosan A-induced plasma leakage into the

peritoneum, and the ED50 value was estimated to be

approximately 46 lg/kg. However, zymosan A-induced

plasma leakage was not suppressed significantly or

remarkably (\10%) by didocosahexaenoyl-phosphati-

dylcholine (15–50 lg/kg) (data not shown). From these

data, it was found that DHA-lysoPtdCho was the most

efficient among phospholipids tested in preventing zymo-

san A-induced plasma leakage. To prove the anti-inflam-

matory action of DHA-lysoPtdCho in vivo, we examined

the effect of DHA-lysoPtdCho on inflammatory mediators

such as interleukin-6 or TNF-a in peritoneal exudates. As

indicated in Fig. 4, DHA-lysoPtdCho, administered i.v.

significantly inhibited zymosan A-induced formation of

IL-6 and TNF-a in dose-dependent manner, supporting

anti-inflammatory role of DHA-lysoPtdCho. In further

study, the effect of DHA-lysoPtdCho on infiltration of

leukocytes into the peritoneum was evaluated. Figure 5

showed that DHA-lysoPtdCho prohibited the infiltration of

leukocytes into the peritoneum, providing further support

for the anti-inflammatory action of DHA-lysoPtdCho.

In the subsequent study, a time-dependent effect of

DHA-lysoPtdCho on zymosan A-induced plasma leakage

was examined. For this study, DHA-lysoPtdCho (50 lg/kg)

was administered 10, 30, 60, or 120 min before i.p.

administration of zymosan A, and a time-dependent sup-

pression of plasma leakage was evaluated. As exhibited in

Fig. 6, the 10-min interval between administration of

DHA-lysoPtdCho and zymosan A challenge was not suf-

ficient to express a remarkable suppression of plasma

leakage. Meanwhile, both the 30-min interval and the

60-min interval were sufficient to inhibit zymosan A-induced

plasma leakage, although there was no significant differ-

ence between two experimental conditions. This may

suggest that the same mechanism may apply for anti-

inflammatory action of DHA-lysoPtdCho between 30- and

60-min intervals. Meanwhile, the extension of interval time

to 120 min augmented the inhibitory effect to some extent.

Taken together, it is supposed that anti-inflammatory action

of DHA-lysoPtdCho may involve multiple mechanisms.

Previously, DHA-lysoPtdCho was observed to inhibit

5-lipoxygenase, an initial enzyme in the biosynthetic path-

way responsible for the formation of LTC4 [9]. Therefore,

the accumulation of DHA-lysoPtdCho in the peritoneum

may lead to the reduction of LTC4 formation in the peri-

toneum. To test this possibility, the effect of DHA-lys-

oPtdCho administration on the formation of LTC4 in the

peritoneum was investigated [34]. As indicated in Fig. 7,

the formation of LTC4 in peritoneal exudates was sup-

pressed by DHA-lysoPtdCho, i.v. administered in a dose-

dependent manner. However, the suppression of leukotri-

ene C4 formation by DHA-lysoPtdCho at 150 lg/kg was

approximately 50%. From this, it is suggested that anti-

inflammatory action of DHA-lysoPtdCho may be ascribed

at least partially to the inhibition of 5-lipoxygenase.

However, the suppressive effect of DHA-lysoPtdCho on

Fig. 2 Effects of DHA-lysoPtdCho on LPS -induced TNF-a (a) and

IL-6 (b) production in RAW 264.7 cells. RAW 264.7 cells

(5 9 104 cells/well) were incubated with DHA-lysoPtdCho (5–

40 lM) for 2 h and then LPS (1 lg/ml) was treated for another

20 h. TNF-a and IL-6 in the cell-free cultured supernatant were

measured by an ELISA kit. Data were expressed as mean ± SEM

values of triplicate determinations. *P \ 0.05 and **P \ 0.01 versus

LPS-treated group
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zymosan A-induced LTC4 formation was smaller than

zymosan A-induced plasma leakage (Fig. 3c). This led to

the assumption that a process responsible for the change of

vascular permeability might be directly affected by DHA-

lysoPtdCho or its metabolites. To test this possibility, we

examined the effect of DHA-lysoPtdCho on plasma leak-

age caused by LTC4, an inflammatory mediator. Figure 8

demonstrates that LTC4-induced inflammation was sup-

pressed remarkably by DHA-lysoPtdCho. This may sup-

port a notion that a mechanism other than the inhibition of

LTC4 formation may also be responsible for the anti-

inflammatory action of DHA-lysoPtdCho. In support of

this, a time-dependent action of DHA-lysoPtdCho indicates

that the metabolism of DHA-lysoPtdCho may be crucial

for its anti-inflammatory action. One metabolic pathway

is the hydrolysis of DHA-lysoPtdCho to produce DHA.

And the other may be a lipoxygenation process to give

rise to HPDHA-lysoPtdCho. With this in mind, DHA

and 17-HPDHA-lysoPtdCho were examined for their

anti-inflammatory action. As demonstrated in Fig. 9, 17-

HPDHA-lysoPC, a product from the oxygenation of

DHA-lysoPtdCho by 15-lipoxygenase, showed a remarkable

anti-inflammatory effect, greater than that of DHA-lysoPtd-

Cho. From this, it is suggested that the anti-inflammatory

action of DHA-lysoPtdCho may involve the formation of

17-HPDHA-lysoPtdCho as an intermediate in the metabolic

activation of DHA-lysoPtdCho. Meanwhile, the treatment

with DHA or 17(S)-hydroperoxy-4,7,10,13,15,19-DHA at

50 lg/kg did not show any significant anti-inflammatory

action (Fig. 9).

Fig. 3 Effects of

polyunsaturated lysoPtdCho,

administered i.v. on Zymosan

A-induced plasma leakage in

mice. LNA-lysoPtdCho (a),

ARA-lysoPtdCho (b) DHA-

lysoPtdCho (c) was

administered i.v. to mice (0–

500 lg/kg) 30 min prior to i.p.

administration of zymosan A

(100 mg/kg), and the plasma

leakage was determined as

described in Materials and

Methods. The column and bar
represent the means ± SEM of

results from each group of [10

mice. *P \ 0.05, **P \ 0.01,

***P \ 0.001 versus positive

group (zymosan A);
###P \ 0.001 versus negative

group (PBS)
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Effect of DHA-LysoPtdCho, Administered i.p.

on Zymosan A-Induced Plasma Leakage

In a separate experiment to see anti-inflammatory action of

lysoPtdCho administered by other administration routes,

Fig. 4 Effect of DHA-lysoPtdCho, administered i.v. on zymosan

A-induced TNF-a and IL-6 formation in mice. DHA-lysoPtdCho was

administered i.v. to mice (0–150 lg/kg) 30 min prior to i.p.

administration of zymosan A (100 mg/kg). Plasma lavage was

performed with 4 ml PBS followed by brief centrifugation

(15,000 rpm, 5 min), and cell-free lavage supernatant was used

directly for determination of TNF-a and IL-6 levels by ELISA kit.

The column and bar represent the means ± SEM of results from each

group of ten mice. *P \ 0.05, **P \ 0.01, ***P \ 0.001 versus

positive group (zymosan A); ###P \ 0.001 versus negative group

(PBS)

Fig. 5 Effect of DHA-lysoPtdCho, administered i.v. on zymosan

A-induced leukocyte infiltration in mice. DHA-lysoPtdCho was

administered i.v. 30 min prior to i.p. administration of zymosan A

(100 mg/kg). Total cell counts were performed for the lavage fluid

collected at the 90-min time point using light microscopy together

with trypan blue staining

Fig. 6 Time-dependent suppressive effect of DHA-lysoPtdCho,

administered i.v. on Zymosan A-induced plasma leakage in mice.

DHA-lysoPtdCho was administered i.v. to mice (50 lg/kg) 15 min,

30 min, 60 min or 120 min prior to i.p. administration of zymosan A

(100 mg/kg), and the plasma leakage was determined as described in

‘‘Materials and Methods’’. The column and bar represent the

means ± SEM of results from each group of [10 mice. *P \ 0.05,

**P \ 0.01, ***P \ 0.001 versus positive group (zymosan A);
###P \ 0.001 versus negative group (PBS)

Fig. 7 Effect of DHA-lysoPtdCho, administered i.v. on zymosan

A-induced LTC4 formation in mice. DHA-lysoPtdCho was adminis-

tered i.v. to mice (0–150 lg/kg) 30 min prior to i.p. administration of

zymosan A (100 mg/kg). Plasma lavage was performed with 4 ml

PBS followed by brief centrifugation (15,000 rpm, 5 min), and the

cell-free lavage supernatant was used directly for determination of

LTC4 level by EIA kit. The column and bar represent the

mean ± SEM of results from each group of 10 mice. *P \ 0.05,

**P \ 0.01, ***P \ 0.001 versus positive group (zymosan A);
###P \ 0.001 versus negative group (PBS)
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DHA-lysoPtdCho, and 17-HPDHA-lysoPtdCho were

administered i.p. 60 min prior to zymosan A challenge, and

its suppressive effect was evaluated. As demonstrated

in Fig. 10, the i.p. administration of DHA-lysoPtdCho or

17-HPDHA-lysoPtdCho produced a dose-dependent anti-

inflammatory action. In comparison, 17-HPDHA-lysoPtd-

Cho was more efficacious than DHA-lysoPtdCho, similar

to the finding with the i.v. administration (Fig. 9). Thus,

DHA-lysoPtdCho was suggested to be transformed to

17-HPDHA-lysoPtdCho, more bioactive.

Effect of DHA-LysoPtdCho, Administered Orally

on Zymosan A-Induced Plasma Leakage

In a further experiment, the anti-inflammatory effect of

DHA or DHA-lysoPtdCho, orally administered, was

examined. As shown in Fig. 11, oral administration of

DHA-lysoPtdCho showed an apparent suppressive effect

on zymosan A-induced plasma leakage, although oral

administration was less effective than i.p. or i.v. adminis-

tration. In contrast, the anti-inflammatory action of doco-

sahexaenoic acid, orally administered, was not significant

up to 150 lg/kg. Thus, the structure of DHA-lysoPtdCho is

suggested to be important for anti-inflammatory action in

vivo.

Discussion

Although there have been reports on the anti-inflammatory

actions of DHA metabolites in vitro and in vivo [37–39],

there has been no report on the anti-inflammatory action

of DHA-lysophospholipids. Recently, our previous study

Fig. 8 Effect of DHA-lysoPtdCho, administered i.v. on LTC4-

induced plasma leakage in mice. DHA-lysoPtdCho (0–150 lg/kg)

was administered i.v. into tail vein of mice 60 min before i.p.

administration injection of LTC4 (100 lg/kg), and the plasma leakage

was determined as described in ‘‘Materials and methods’’. The

column and bar represent the mean ± SEM of results from each

group of 10 mice. *P \ 0.05, **P \ 0.01, ***P \ 0.001 versus

positive group (LTC4); ###P \ 0.001 versus negative group (PBS)

Fig. 9 Effects of DHA, 17-HPDHA, DHA-lysoPtdCho or 17-

HPDHA-lysoPtdCho, administered i.v. on zymosan A-induced

plasma leakage in mice. Lipids were administered i.v. to mice

(50 lg/kg) 30 min before i.p. administration injection of zymosan A

(100 mg/kg), and the plasma leakage was determined as described in

‘‘Materials and Methods’’. The column and bar represent the

mean ± SEM of results from each group of [10 mice. *P \ 0.05,

**P \ 0.01 versus positive group (zymosan A); ###P \ 0.001 versus

negative group (PBS)

Fig. 10 Effect of DHA-lysoPtdCho or 17-HPDHA-lysoPtdCho,

administered i.p. on zymosan A-induced plasma leakage in mice.

DHA-lysoPtdCho (filled bars) or 17-HPDHA-lysoPtdCho (open bars)

was administered i.p. (50 lg/kg) to mice 60 min before an i.p.

injection of Zymosan A (100 mg/kg), and the plasma leakage was

determined as described in ‘‘Materials and Methods’’. The column
and bar represent the mean ± SEM of results from each group of[10

mice. *P \ 0.05, **P \ 0.01, ***P \ 0.001 versus positive group

(zymosan A); ###P \ 0.001 versus negative group (PBS)
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showed that DHA-lysoPtdCho and its oxygenation prod-

ucts strongly inhibited mammalian 5-LOX activity [26],

responsible for the generation of inflammatory lipid

mediators such as leukotriene B or cysteinyl-leukotrienes.

Very recently, we observed that ARA-lysoPtdCho and its

15-hydroperoxy derivative expressed an anti-inflammatory

action in zymosan A-induced peritonitis [40]. Present

studies indicate that DHA-lysoPtdCho is more efficient

than ARA-lysoPtdCho in LPS-induced production of NO

in RAW cells. Moreover, the effective concentrations

(5–10 lM) of DHA-lysoPtdCho in inhibiting 5-LOX

activity [26] as well as LPS-induced NO production are

relatively low. Noteworthy, such an action seems to be

peculiar to DHA-lysoPtdCho, since other lysoPtdCho

species such as ARA-lysoPtdCho or LNA-lysoPtdCho had

no remarkable reduction of NO level. Furthermore, DHA-

lysoPtdCho also decreased the level of inflammatory

mediators such as TNF-a or IL-6 induced by LPS, sup-

porting the anti-inflammatory action of docosahexaenoyl-

lysoPC.

Consistent with its anti-inflammatory action in vitro,

DHA-lysoPtdCho, i.v. administered, suppressed zymosan

A-induced peritonitis in mice at relatively low doses

(15–50 lg/kg). In comparison, DHA-lysoPtdCho, i.v. or

i.p. administered, was much more effective than ARA-

lysoPtdCho in suppressing zymosan A-induced peritonitis.

Even oral administration of DHA-lysoPtdCho exhibited

some suppressive effect on zymosan A-induced peritonitis,

although it was less efficient than i.v. or i.p. administration.

Thus, DHA-lysoPtdCho is supposed to be one of

endogenous anti-inflammatory lipids. In support of this,

DHA-lysoPtdCho was observed to reduce the levels of

TNF-a or IL-6 as well as infiltrated leukocytes in vivo

system. In the time course of anti-inflammatory action, a

prior administration of DHA-lysoPtdCho seemed to be

important for a maximal anti-inflammatory action; the

administration of DHA-lysoPtdCho at least 30 min before

the zymosan A challenge expressed a remarkable inhibi-

tion, but the administration 10 min before the zymosan A

challenge did not succeed in showing a noticeable inhibi-

tion. From this, it is suggested that the anti-inflammatory

action of DHA-lysoPtdCho in the peritoneum may require

some delay process. Thus, the appearance of DHA-lys-

oPtdCho or its metabolites in peritoneal cells, where the

mediators responsible for plasma leakage could be gener-

ated, may require a transport process. This might be con-

sistent with the previous observation [41] that the

appearance of labeled DHA, administered i.v. in peritoneal

exudates required approximately a 1-h to 2-h delay for a

maximal level. Earlier it had been reported that early

vascular permeability, followed by subsequent infiltration

of neutrophils into the peritoneum, depended largely on

cysteinyl-leukotrienes, derived from 5-lipoxygenation of

ARA, released by resident peritoneal macrophages, and to

a lesser extent, on mast cell histamine and prostaglandin

E2 of multiple cellular origins [42, 43]. In this respect,

the suppressive effect of DHA-lysoPtdCho on zymosan

A-induced peritonitis might be partially related to the direct

inhibition of 5-LOX [26], an initial enzyme implicated

in the biosynthetic pathway of cysteinyl-leukotrienes

responsible for vascular permeability [43]. Support for this

comes from the finding that the i.v. administration of DHA-

lysoPtdCho partially reduced the formation of LTC4 in

peritoneal exudates, reaffirming the notion that one

mechanism, responsible for the anti-inflammatory effect of

DHA-lysoPtdCho on zymosan A-induced peritonitis, may

be related to the reduction of LTC4 through the inhibition

of 5-lipoxygenase. However, a complete inhibition of

LTC4 formation was not achieved using DHA-lysoPtdCho

under the conditions used. This led us to the assumption

that a process responsible for the change of vascular per-

meability might be directly affected by DHA-lysoPtdCho

or its metabolites. In support of this assumption, the plasma

leakage caused by LTC4 was successfully prevented by

DHA-lysoPtdCho administration, confirming that DHA-

lysoPtdCho or its metabolites may exert an anti-inflam-

matory action. Concerned with this, the requirement of the

time interval between lysoPC administration and zymosan

A challenge may suggest that a metabolism of DHA-lys-

oPtdCho may be crucial for the maximal expression of

anti-inflammatory action at the inflammation site, i.e. the

peritoneum. There may be two possible metabolic path-

ways of DHA-lysoPtdCho; one is the formation of DHA,

Fig. 11 Effect of DHA-lysoPtdCho or DHA, administered orally, on

zymosan A-induced plasma leakage in mice. DHA (open bars) or 17-

HPDHA-lysoPtdCho (filled bars) was administered orally (50 lg/kg)

to mice 60 min before i.p. injection of zymosan A (100 mg/kg), and

the plasma leakage was determined as described in ‘‘Materials and

Methods’’. The column and bar represent the mean ± SEM of results

from each group of[10 mice. *P \ 0.05, **P \ 0.01, ***P \ 0.001

versus positive group (zymosan A); ###P \ 0.001 versus negative

group (PBS)
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and the other, the formation of HPDHA-lysoPtdCho [24].

In the former process, DHA is released from the enzymatic

hydrolysis of DHA-lysoPtdCho in vivo. However, this

hydrolytic metabolic process may not be directly related to

the anti-inflammatory action of DHA-lysoPtdCho in peri-

toneal cells as suggested from no remarkable effect of

DHA administered in this experiment. Rather, HPDHA-

lysoPtdCho may more likely be a metabolic intermediate

accountable for anti-inflammatory action. In support of

this, 17-HPDHA-lysoPtdCho showed greater anti-inflam-

matory effect than DHA-lysoPtdCho in i.v. administration

as well as i.p. injection. The similarity of DHA-lysoPtdCho

action between two administration routes may support the

idea that the metabolic activation of DHA-lysoPtdCho may

occur commonly in vivo. This could be explained by the

notion that DHA-lysoPtdCho might be primarily subjected

to lipoxygenation by 15-lipoxygenase to generate 17-

HPDHA-lysoPtdCho, which could be further utilized for

the formation of potent anti-inflammatory mediators such

as protectin D type derivative [38]. Alternatively, second-

ary metabolites such as maresin type derivative [37],

derived from 14-HPDHA-lysoPtdCho, may be implicated

in the anti-inflammatory action. Taken together, it is likely

that the primary metabolites such as 17-HPDHA-lysoPtd-

Cho or 14-HPDHA-lysoPtdCho may be finally converted

to bioactive products directly responsible for anti-inflam-

matory action. This might be well supported by the

previous finding [24] that DHA-lysoPtdCho was enzy-

matically converted to 14-HPDHA-lysoPtdCho derivative

or 17-HPDHA-lysoPtdCho derivative. In turn, 14-hydro-

peroxydocosahexaenoyl derivative and 17-hydro-

peroxydocosahexaenoyl derivative could be transformed

finally to maresin [37] or protectin D [38]. Thus, it is

supposed that another mechanism for anti-inflammatory

action of DHA-lysoPtdCho may involve a series of meta-

bolic activation pathways. Previous studies showed that in

zymosan A-induced peritonitis, protectin D significantly

reduced PMN infiltration at very low doses, showing an

apparent maximal response approximately in the 50%

range [9]. In our present study, meanwhile, an almost

complete inhibition of zymosan A peritonitis was achieved

with DHA-lysoPtdCho at a dose of 500 lg/kg, indicating

that DHA-lysoPtdCho might be more efficient in showing

a maximal efficacy. This could be explained by the

assumption that DHA-lysoPtdCho might express anti-

inflammatory activity through multiple actions, such as

suppression of the formation of nitric oxide or TNF-a,

inhibition of 5-lipoxygenase activity as well as formation

of maresin or protectin D.

Once the sn-2 position of phosphatidylcholine is

hydrolyzed by PLA2, unsaturated fatty acids are released,

and then metabolized to form bioactive lipid mediators,

inflammatory or anti-inflammatory [44]. Meanwhile, the

remaining lysoPtdChos with saturated acyl chains or oleoyl

group have been found to have cytotoxic effects on various

cell systems [14–18]. As a part of the inflammatory actions

of lysoPtdChos, lysoPtdChos brought about the superoxide

production in neutrophils [17] and nonphagocytic cells

[16, 17], and LNA-lysoPtdCho caused oxidative stress in

RAW 264.7 cells [18]. In addition, lysoPtdChos elicited

the production of pro-inflammatory cytokines in human

monocytes and rat aortic smooth muscle cells [45], and

played a role as a chemotactic factor for monocytes and T

cells [3, 46]. The diverse properties of lysoPtdChos suggest

that the functions of this class of lipids are highly depen-

dent on the type of lysoPtdChos. A recent report showed

that transcellular secretion of group V phospholipase A2

from the epithelium induced the synthesis of leukotriene C4

through the generation of lysoPtdChos in eosinophils [47].

In this regard, it will be of great interest whether or how

DHA-lysoPtdCho affects the secretory group V PLA2-

induced formation of LTC4 in eosinophils.

An apparent advantage with DHA-lysoPtdCho, com-

pared to other types of lysoPtdCho, is that it exhibits anti-

inflammatory actions at non-cytotoxic concentrations.

Moreover, DHA-lysoPtdCho still exhibits a significant

anti-inflammatory action after oral administration. In this

respect, it is conceivable that administration of DHA-lys-

oPtdCho will help ameliorate the pro-inflammatory state,

caused by various inflammatory agents including pro-

inflammatory lysoPtdChos.

In this respect, DHA-lysoPtdCho therapy is possible if

these lipids are introduced through appropriate adminis-

tration routes in the inflammation progress. For this pur-

pose, the upper limit of DHA-lysoPtdCho dosage, showing

anti-inflammatory action selectively, is to be established in

further studies.
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Abstract Insulin resistance is the central defect in type 2

diabetes and obesity. During the development of insulin

resistance a lipid accumulation is accompanied by

increased PTP-1B expression in the muscle. The aim of this

study was to examine the effects of PTP-1B knockdown on

insulin signaling and insulin resistance in the presence or

absence of palmitate in C2C12 skeletal muscle cells. A

stable C2C12 cell line was established using short hairpin

RNA (shRNA) to knockdown protein expression of

PTP1B. Analysis of PTP-1B protein expression and phos-

phorylation and protein levels of IRS-1 and Akt were

detected by western blot. The effects of PTP-1B knock-

down on the glucose uptake was also measured in C2C12

cells. The stable C2C12 cell line harboring the PTP-1B

shRNA showed 62% decrease in the PTP-1B protein

levels. 0.5 mM palmitate significantly induced insulin

resistance in both control (26%) and PTP-1B knockdown

cells (16.5%) compared to the untreated cells. Under

treatment with palmitate, insulin stimulated phosphoryla-

tion of IRS-1 (Tyr632) and Akt (Ser473) in knockdown

cells was significantly 1.55- and 1.86-fold, respectively,

greater than the controls. In the presence of palmitate,

insulin dependent glucose uptake was significantly about

3-fold higher in PTP-1B knockdown stable C2C12 cells

compared to the control cells. Our data showed that

decreasing the PTP-1B protein level by shRNA can

enhance the activity of important elements of insulin sig-

naling. The improvement in insulin action persisted even in

palmitate treated insulin resistant myotubes.

Keywords Protein tyrosine phosphatase-1B �
Short hairpin RNA interference � Insulin resistance �
Knockdown � Glucose uptake � Palmitate

Abbreviations

BSA Bovine serum albumin

2-DOG 2-Deoxyglucose

IR Insulin receptor

IRS-1 Insulin receptor substrate-1

LAR Leukocyte antigen related phosphatase

PTP-1B Protein tyrosine phosphatase-1B

ShRNA Small hairpin RNA

Introduction

Insulin resistance precedes the diagnosis of type 2 diabetes

[1]. It appears that the plasma free fatty acid (FFA) levels

contribute to impaired insulin signaling leading to reduced
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insulin sensitivity and glucose uptake [2, 3] in insulin

responsive tissues. Among FFAs, palmitate is the most

predominant FFA in the circulation [3]. In vivo and in vitro

studies have shown that palmitate causes insulin resistance

in insulin target tissues [4–6]. Skeletal muscle is the most

important tissue for insulin action [7, 8], where almost 80%

of insulin dependent glucose uptake occurs in this tissue.

However, the connection between high concentration of

plasma FFA and the development of insulin resistance in

skeletal muscle is not clearly known. The first theory was

glucose-fatty acid cycle, suggested by Randle et al. [9, 10].

Other mechanisms underlying fatty acid-induced insulin

resistance have also been proposed. Accordingly, the ele-

vation of plasma FFA inhibits insulin stimulated glucose

transport activity, associated with reduced insulin receptor

(IR) and insulin receptor substrate-1 (IRS-1) tyrosine

phosphorylation [11, 12]. Furthermore, several different

phosphatases as inhibitors of insulin action have been

suggested to have a role in the development of insulin

resistance in the muscle.

PTPases are a large family of enzymes that have a

major role in many cellular functions. Enhanced activity

of one or more PTPases has been reported in several

insulin resistance states, such as obesity and some models

of diabetes [13–15]. Specifically, some PTPases such as

protein tyrosine phosphatase-1B (PTP-1B), leukocyte

antigen related phosphatase (LAR) [16], and SH2-con-

taining protein-tyrosine phosphatase-2 (SHP2) have been

implicated in the regulation of normal IR signaling and/or

in insulin resistance [17, 18]. Among them, PTP-1B is the

main negative regulator of insulin signaling pathway that

has received significant attention during the recent years

[19, 20]. This enzyme is widely expressed in insulin-

sensitive tissues [21]. PTP-1B binds to the IR and effi-

ciently dephosphorylates it in vitro. Early studies have

shown that PTP-1B overexpression inhibits phosphory-

lation of IR and IRS-1 leading to insulin resistance

[16, 17, 22–25]. Conversely, deletion of PTP-1B in fat,

liver, and muscle tissues increases insulin sensitivity

[26–28]. Human and animal studies have also demon-

strated that insulin resistance is accompanied by an

abnormal increase in PTP-1B activity and protein levels

in skeletal muscle [29, 30]. Particularly, animals on a

high fat diet showed an enhancement of the expression of

PTP-1B in the muscle [31]. However, little is known

regarding the role of PTP-1B in palmitate-induced insulin

resistance in the muscle. Therefore, in the present study

we aimed to investigate the effects of PTP-1B knockdown

on the key molecules of insulin signaling in the presence

or absence of palmitate in C2C12 skeletal muscle cells.

To this end, we assessed glucose uptake and some critical

elements of the insulin signaling pathway in PTP-1B

knockdown and control C2C12 cells.

Materials and Methods

Plasmid Preparation

shRNA constructs against Mus musculus Ptpn1 (four

ptpn1-specific shRNA expression pRS vectors) and one

pRS vector (pRS-5) without shRNA cassette sequence (as a

negative control) were purchased from OriGene (Rock-

ville, MD, USA). The pRS vectors were transformed into

the competent E. coli DH5a bacteria. After ampicillin

selection, the purified plasmid DNAs (Miniprep Kit,

QIAGEN, Hilden, Germany) were tested for identification

of the vectors by bidigestion of the clones with EcoRI and

HindIII (Fermentas, St. Leon-Rot, Germany) restriction

enzymes. Once the requirement was met, the mid-scale

preparations of the plasmids were performed.

Cell Culture

C2C12 myoblast (ATCC Number CRL 1772) was pur-

chased from the Pasteur Institute of Iran. Myoblasts were

maintained at 37 �C (in an atmosphere of 5% CO2) in

Dulbecco’s modified Eagle’s Medium (DMEM) (Gibco,

Berlin, Germany) containing 10% fetal bovine serum

(FBS), 2 mM glutamine, 100 unit/ml penicillin, and

100 lg/ml streptomycin. Differentiation of myoblasts into

myotubes was induced when the cells had achieved

70–90% confluence by replacing the media with DMEM

containing 2% horse serum, 2 mM glutamine, 100 unit/ml

penicillin, and 100 lg/ml streptomycin. Four days after

fusion, the differentiated myotubes were used for the

experiments.

Myoblast Transient Transfection

C2C12 myoblasts were transiently transfected with shRNA

and control plasmids using the calcium phosphate precip-

itation technique [32] modified by Okayama [33]. In brief,

a day prior to transfection, 5 9 105 cells per well were

seeded in 0.1% gelatin-coated six-well cluster plates. Six-

well plates were transfected with 15 lg of shRNA plasmids

(pRS-1–pRS-4), pRS-5 vector without shRNA cassette

sequence (negative control) and pEGFP-C1 plasmid (as a

control for transfection efficiency).

Stable Transfection

After selecting the pRS-1 (AATTGCACCAGGAAGAT

AATGACTATATC) as the best vector silencing the ptpn1

gene and pRS-5 as negative control, stable transfection was

performed. Forty-eight hours after transfection, myoblasts

were trypsinized and were divided into a fresh medium

containing 4 lg/ml puromycin (Sigma-Aldrich, Munich,
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Germany). Cells were divided such that they are no more

than 25% confluent, and were nourished with a selective

medium every 3–4 days. In the next step, the puromycin-

resistant colonies were picked up and expanded in 96-well

plates and were nourished with the selection medium for

2 weeks. Stable myoblasts were harvested and assessed for

the PTP-1B protein level using western blot. To demon-

strate the fact that pRS-1 vector specifically targeted for

PTP-1B gene, and does not affect the expression of a

similar PTPase, the lysates were also immunoblotted for

the expression of leukocyte antigen-related (LAR) gene.

Western Blot Analysis

C2C12 cell lysate was prepared by homogenization in

modified RIPA buffer (50 mM Tris–HCl pH 7.4, 1% Triton

X-100, 0.2% sodium deoxycholate, 0.2% SDS, 1 mM

Na-EDTA, 1 mM PMSF) supplemented with protease

inhibitor cocktail (Roche, Mannheim, Germany). For

detection of phospho protein, a buffer consisting of 50 mM

HEPES pH 7.5, 150 mM NaCl, 100 mM NaF, 10 mM

EDTA, 10 mM Na4P2O7, 2 mM NaVO4, and protease

inhibitor cocktail was used. Protein concentration was

determined using Bradford’s method [34]. 20–30 lg of

total protein was fractionated by SDS-PAGE according to

Laemmli method [35]. The gel was transferred onto a

PVDF membrane (Millipore, Schwalbach, Germany). The

membrane was blocked overnight in blocking buffer (5%

skimmed milk in TBST buffer) and then incubated for 1 h

with primary antibodies diluted in TBST containing 1%

BSA. Primary antibodies used were as follows: PTP-1B,

LAR, p-IRS-1 (Tyr632), and IRS-1 (Santa Cruz Biotech-

nology, Santa Cruz, USA), Akt, and phospho-Akt (Ser473)

(Cell Signaling Technology, Beverly, MA, USA), b-actin

(Abcam, Cambridge, MA, USA). The membrane was then

incubated with secondary antibody conjugated to HRP

(Santa Cruz Biotechnology, Santa Cruz, USA) for 1 h and

detection was performed using ECL reagents (Amersham

Pharmacia Corp, Piscataway, NJ, USA). Films were scan-

ned and protein bands were quantified using Scion Image

software. Each experiment was performed at least three

times.

Muscle Creatine Kinase (MCK) Assay

MCK activity, which indicates myogenic differentiation

over the culture period, was determined using the NADPH-

coupled assay following the protocol supplied by the

manufacturer (Biomerieux SA, Lyon, France). Briefly, the

cells were washed twice with cold calcium–magnesium

free PBS, and homogenized in 0.5 ml of cell lysis buffer

(1 M NaCl, 1 mM EGTA, 1% Triton X-100, 10 mM Tris–

HCl, pH 7.2). The lysate was centrifuged for 10 min at

15,000 rpm and the supernatant was applied to the assay.

Creatine kinase levels were normalized to milligram of

total protein.

Palmitate Treatment

Palmitate was administered to cells as a conjugate with

fatty acid free-BSA. Briefly, sodium palmitate was dis-

solved in 50% (v/v) ethanol, diluted in DMEM containing

1% (w/v) fatty acid-free BSA to final concentration and

was incubated in 37 �C for 2 h while being shaken. Two

hours before the experiments, the experiments, myotubes

were placed in serum free-DMEM containing 1% BSA and

then the cells were incubated in the presence or absence of

0.5 mM palmitate for 16 h.

Glucose Uptake Assay

Glucose uptake was assayed using [3H]2-DOG ([3H]2-

deoxyglucose) (Amersham Pharmacia Corp, Piscataway,

NJ, USA). Glucose uptake measurements were performed

in triplicate and in three independent experiments. In brief,

C2C12 cells were seeded on plates. After 4 days of dif-

ferentiation, myotubes were treated with 0.5 mM palmitate

for 16 h followed by a serum starvation of 2–3 h in DMEM

plus 0.1% BSA. Myotubes were then treated with or

without 100 nM insulin for 30 min and washed two times

with wash buffer [20 mM HEPES (pH 7.4), 140 mM NaCl,

5 mM KCl, 2.5 mM MgSO4, and 1 mM CaCl2]. Myotubes

were then incubated in the transport buffer (wash buffer

containing 0.5 mCi [3H]2-DOG/ml and 10 lM 2-DOG) for

10 min. Cells were lysed in 0.05 M NaOH and [3H]2-DOG

levels were counted in the cell lysate using a scintillation

counter. Nonspecific uptake was determined by incubating

the cells in the presence or absence of 10 lM cytochalasin

B.

Statistical Analysis

All statistical analyses were performed using SPSS 13.0.

(SPSS, Chicago, IL). Comparisons among all groups were

performed with the one-way analysis of variance

(ANOVA) test. If statistical significance was found, the

Tukey post hoc test was performed. Values of p \ 0.05

were considered statistically significant.

Results

Confirming Silencing of the PTP-1B in C2C12 Cells

We were able to successfully deliver pRS and pEGFP-C1

plasmids to myoblasts with high efficiency using calcium

Lipids (2010) 45:237–244 239
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phosphate precipitation method. Western blot results

showed that the pRS-1 vector caused the highest ptpn1

gene silencing in transient transfection experiments

(Fig. 1). Thus, pRS-1 and pRS-5 vectors (negative control)

were selected for stable transfection of C2C12 cells. Our

results demonstrated a 62% decrease of PTP-1B protein

levels in the C2C12 stable cell line harboring PTP-1B

shRNA (Fig. 2a). Figure 2b shows that pRS-1 transfection

into C2C12 myoblasts does not affect the expression of

LAR suggesting that the pRS-1 vector specifically silence

the expression of PTP1B gene.

No Difference in Muscle Creatine Kinase Activity

in PTP-1B Knockdown Stable and Control Cell Lines

In order to assess the role of PTP-1B in C2C12 differen-

tiation, muscle creatine kinase (MCK) activity assay was

performed. According to our findings, while the MCK

activity was undetectable in myoblasts, it was measurable

after 24 h of differentiation and gradually increased until

96 h. In the present study, we did not observe any mean-

ingful differences in the activity of MCK in PTP-1B

knockdown stable and control C2C12 cells during the

differentiation period (Fig. 3).

Enhancement of Insulin Signaling by PTP-1B

Knockdown in the Presence of Palmitate

The results showed that the insulin-induced phosphoryla-

tion of IRS-1 was reduced by palmitate in both control and

knockdown cell lines by 22.8% (p = 0.01) and 28.3%

(p = 0.008), respectively. While PTP-1B knockdown sta-

ble cells in the basal state had slightly higher IRS-1

(Tyr632) phosphorylation with respect to the control, the

presence of insulin caused a greater difference in IRS-1

phosphorylation in PTP-1B knockdown stable cells com-

pared to the controls (1.8-fold, p = 0.001) (Fig. 4).

0.5 mM palmitate reduced IRS-1 phosphorylation in both

cells, whereas the PTP-1B knockdown cells still had 1.55

fold (p = 0.01) higher IRS-1 phosphorylation level than

the controls.

We also assessed the effects of palmitate on Akt phos-

phorylation in both PTP-1B knockdown stable and control

cells (Fig. 5). The phosphorylation of Akt in the presence

of insulin was decreased by palmitate in both control and

knockdown cell lines by 29.2% (p = 0.009) and 33.2%

(p = 0.005), respectively. In the presence of insulin, Akt

phosphorylation (Ser473) in PTP-1B knockdown cells was

significantly greater than the control cells (2.42-fold,

p \ 0.001). Insulin induced Akt phosphorylation was

reduced by palmitate in both cell lines, whereas the

knockdown cells still significantly had a higher Akt phos-

phorylation (1.86-fold, p = 0.004) than the control cells.

Taken together, these findings suggest that PTP-1B

downregulation enhances the activity of key elements of

insulin signaling. Increased the activity of insulin signaling

pathway remained significant even when palmitate is

present in the media. There was no significant difference in

the IRS-1 and Akt protein levels of the PTP-1B knockdown

stable cells in comparison with the control cells in the

presence or absence of palmitate and insulin.

Enhancement of Glucose Uptake in the PTP-1B

Knockdown Cells Treated With Palmitate

To determine whether PTP-1B is functional in glucose

uptake process,[3H]2-DOG uptake was measured. In the

basal condition, PTP-1B knockdown stable and control

cells did not show a significant difference in the uptake of

glucose (Fig. 6). Insulin stimulation led to a significantly

increase in glucose uptake in both cell lines, whereas the

PTP-1B knockdown cells showed much higher sensitivity

to insulin than the control cells (3.3-fold vs. 1.75-fold,

p = 0.001). Insulin-stimulated glucose uptake was

decreased by palmitate in both control and knockdown cell

lines by 26% (p = 0.01) and 16.5% (p = 0.01), respec-

tively. In the simultaneous presence of insulin and palmi-

tate, PTP-1B knockdown cells remained sensitive to insulin
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Fig. 1 Knockdown of PTP-1B in C2C12 cells following transient

transfection with shRNA expression pRS vectors. C2C12 cells were

transfected with 20 lg of pRS-1 to pRS-4 (1–4) and pRS-5 (5) as

negative control. Forty-eight hours post-transfection, western blot was

performed using antibodies against PTP-1B and b-actin as internal

control. Protein level of PTP-1B was normalized to the level of

b-actin protein. The figure shows representative data gained from

mean ± SD of three independent experiments, *p \ 0.01
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with about 2.8-fold (p \ 0.001) increase in glucose uptake

in comparison with the control cells. These results indicate

that knockdown of PTP-1B improves glucose uptake in

C2C12 cells even in the presence of palmitate.

Discussion

Protein Tyrosine Phosphatase-1B is thought to be a nega-

tive regulator of insulin signaling through dephosphoryl-

ating the activated IR and/or IRSs. Animal with the

disrupted PTP-1B gene exhibit enhanced insulin sensitivity

[26, 36, 37]. Increased tyrosine phosphorylation of IR in

homozygous null mice is detected in muscle and liver but

not in adipose tissue [26]. Moreover, the PTP-1B deficient

mice show resistance to weight gain on a high fat diet
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Fig. 2 Knockdown of PTP-1B

in C2C12 cells following stable

transfection with shRNA

expression pRS-1 plasmid.

After selection of stable clone.

a Western blot was performed

with antibodies against PTP-1B

and b-actin. b Western blot was

performed with antibodies

against LAR and b-actin.

Protein levels of PTP-1B and

LAR were normalized by

protein level of b-actin. The

figure shows representative data

obtained from mean ± SD of

three independent experiments,

*p \ 0.01. 1 = Control C2C12

cells; 2 = PTP-1B knockdown

stable C2C12 cells
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Fig. 4 The effect of palmitate on tyrosine 632 phosphorylation status

of IRS-1 in PTP-1B knockdown stable and control C2C12 cells.

Palmitate treatment was performed as described in the ‘‘Materials and

Methods’’. Before harvesting, the cells were incubated in the presence

or absence of 100 nM insulin (INS) for 15 min. Cell lysates were

prepared and subjected to western blot using specific antibodies. The

figure shows representative data gained from the means ± SD of

three independent experiments, *p \ 0.01
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[26, 27]. Furthermore, human and animal studies have

manifested an abnormal increase in PTP-1B activity and

protein levels in skeletal muscle of insulin resistant

individuals [29, 30]. Animals on a high fat diet also showed

an enhancement in PTP-1B levels in the muscle [31].

Considering the importance of palmitate in inducing insu-

lin resistance and the role of PTP-1B in negatively regu-

lating insulin signaling pathway, we aimed to investigate

the effects of PTP1B inhibition on insulin signaling in the

presence and absence of palmitate in C2C12 cell line.

Several in vivo studies have been conducted to show the

improving effect of PTP-1B deletion on insulin signaling

and insulin resistance induced by high fat diet, however,

little is known about the direct role of PTP-1B downreg-

ulation on the insulin signaling pathway when a fatty acid

is present. One recent study by Liu et al. noted that

knockdown of PTP-1B in 293HEK cells significantly

increased GLUT4 translocation in the presence of palmi-

tate. However, the study findings resulted from a cell line

that does not normally exhibit insulin-mediated glucose

uptake [38]. The results of our study on a relevant cell line

provide more evidence of the effect of PTP1B knockdown

on palmitate-induced muscle insulin resistance. In the

present study we hypothesized that the knocking down of

PTP-1B using shRNA could enhance insulin signaling

through benefitting phosphorylation of key signaling mol-

ecules, and finally could increase glucose uptake even in

the presence of palmitate. In order to be able to study the

significance of PTP-1B knockdown on palmitate induced

insulin resistance in the muscle, we generated a stable

knockdown of PTP-1B gene in C2C12 cells with the pro-

tein level 38% of the control C2C12 cell line.

Several PTPases such as PTP-1B and LAR have been

implicated in negatively regulating insulin signal trans-

duction [16]. Both LAR and PTP-1B are expressed in

insulin-responsive tissues such as muscle, liver, brain and

adipose [18, 39–41]. LAR and PTP-1B are both involved as

IR and IRS phosphatases [23, 39, 42]. To ensure that

silencing was specific for PTP-1B and does not lead to

change the expression of LAR, western blot was per-

formed. We did not observe a significant change in LAR

protein levels in PTP-1B knockdown stable cells suggest-

ing a specifically downregulation of PTP-1B in our model.

Some studies have shown a role of PTP-1B and other

PTPases such as SHP-2 in cellular differentiation in non-

muscle tissues [43–45]. To the best of our knowledge, there

is no study on the importance of PTP-1B in muscle dif-

ferentiation. To ensure that PTP-1B knockdown does not

interfere with C2C12 differentiation, creatine kinase

activity a metabolic marker characteristic of differentiated

myotubes was measured. Our data showed no change in

MCK activity in PTP-1B knockdown stable cells during the

C2C12 differentiation.

To investigate the influence of PTP-1B on the insulin

signaling pathway, two key molecules of this pathway were

targeted. As expected, insulin stimulated the phosphorylation
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of Akt and IRS-1 in the knockdown and control cells.

IRS-1 phosphorylation indirectly leads to activation of Akt

by activating PI 3-kinase [46]. Phosphorylation of Akt is an

important factor in insulin-induced glucose metabolism in

the muscle and liver [47]. Our results demonstrating the

inhibitory effect of palmitate on insulin signaling mole-

cules are in concordance with the previous studies showing

that palmitate induces insulin resistance in skeletal muscle

by inhibiting the phosphorlyation of Akt and IRS-1 [4, 48].

Study on downregulating the PTP-1B led to enhanced

sensitivity to insulin action even in the insulin resistant

myotubes. Several studies have shown that palmitate

inhibits insulin-mediated glucose transport mainly in

skeletal muscle [49, 50]. Our data showed that PTP-1B

knockdown improves glucose uptake in the presence of

palmitate. This finding is in the line with the other in vivo

studies demonstrating an improvement in the glycemic

state in PTP-1B null mice [26, 27].

Conclusion

In the present study we have provided the evidence showing

that PTP-1B downregulation may have an insulin sensitizing

effect in both the presence and absence of palmitate. Acti-

vation of important elements of insulin signaling accompa-

nied by increased glucose uptake in PTP-1B knockdown

cells would favor this important enzyme as a therapeutic

target for treatment of patients with insulin resistance,

dyslipidemia and metabolic syndrome.
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Abstract The trans fatty acid (TFA) patterns in the fats

of ruminant meat and dairy products differ from those

found in other (processed) fats. We have evaluated dif-

ferent TFA isomers in human breast milk as an indicator of

dietary intake of ruminant and dairy fats of different ori-

gins. Breast milk samples were collected 1 month post-

partum from 310 mothers participating in the KOALA

Birth Cohort Study (The Netherlands). The study partici-

pants had different lifestyles and consumed different

amounts of dairy products. Fatty acid methyl esters were

determined by GC-FID and the data were evaluated by

principal component analysis (PCA), ANOVA/Post Hoc

test and linear regression analysis. The two major principal

components were (1) 18:1 trans-isomers and (2) markers

of dairy fat including 15:0, 17:0, 11(trans)18:1 and

9(cis),11(trans)18:2 (CLA). Despite similar total TFA

values, the 9(trans)18:1/11(trans)18:1-ratio and the

10(trans)18:1/11(trans)18:1-ratio were significantly lower in

milk from mothers with high dairy fat intake (40–76 g/day:

0.91 ± 0.48, P \ 0.05) compared to low dairy fat intake

(0–10 g/day: 1.59 ± 0.48), and lower with strict organic meat

and dairy use ([90% organic: 0.92 ± 0.46, P \ 0.05) com-

pared to conventional origin of meat and dairy (1.40 ± 0.61).

Similar results were obtained for the 10(trans)18:1/

11(trans)18:1-ratio. We conclude that both ratios are indica-

tors of different intake of TFA from ruminant and dairy origin

relative to other (including industrial) sources.

Keywords Trans fatty acids � Vaccenic acid �
Conjugated linoleic acid � Human milk �
Partially hydrogenated fats

Abbreviations

TFA trans fatty acids

EFA Essential fatty acids

PHVO Partially hydrogenated vegetable oils

LCPUFA Long-chain polyunsaturated fatty acids

FFQ Food frequency questionnaire

MDOO Meat and/or dairy of organic origin

PCA Principal component analysis

SAT Saturated fatty acids

MUFA Monounsaturated fatty acids

CLA Conjugated linoleic acid isomer

Introduction

Changes in the Western diet have led to increased values of

trans fatty acids (TFA, mainly 18:1 isomers with a double

bond located between positions 4 and 16 but also minor

amounts of 16:1, 18:2, and 18:3 isomers) in human milk
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[1, 2]. In humans, TFA have been associated with adverse

effects on essential fatty acids (EFA) and long-chain poly-

unsaturated fatty acids (LCPUFA) metabolism [3], oxidative

stress [4], infant development [5] as well as low density

lipoprotein cholesterol levels [6]. These negative effects of

TFA are mainly associated with isomers from partially

hydrogenated vegetable oils (PHVO), such as 6/7/

8(trans)18:1, 9(trans)18:1, 10(trans)18:1 [7], and only

weakly with TFA of natural sources like ruminant fats such

as 11(trans)18:1 [8]. The industry reacted to these obser-

vations by optimizing the processes for fat production and fat

hardening, which led to a significant reduction in the TFA

content in food [9, 10]. The discussion about adverse effects

of TFA led to the labeling of total TFA content in food in the

USA, Canada and Denmark. In contrast, the European Food

Safety Agency decided against a general labeling of TFA in

Europe due to inconsistent epidemiologic data [11].

In the randomized, double-blind, controlled, cross-over

design TRANSFACT study, a consumption of 11–12 g/day

of TFA (5% of energy intake) of either natural or PHVO

source led to a significant reduction in HDL-cholesterol

only in women [12]. It is also known that a high TFA diet

leads to increased TFA amounts in human milk [10]. We

evaluated the TFA composition of human milk samples

from 310 women participating in the Dutch KOALA study,

a prospective birth cohort study, which analyses the effect

of diet and life-style (i.e. consumption of organic vs.

conventional food) on the occurrence of atopic diseases in

children [13]. We were able to show that the 11(trans)18:1

(vaccenic acid) and its metabolite 9(cis),11(trans)18:2 (a

conjugated linoleic acid isomer, CLA) significantly

increased in human breast milk following a diet of [90%

meat and/or dairy products of organic origin, even after

correcting for the amount of daily ruminant fat intake,

suggesting that organic food provides lower TFA and

higher CLA intakes [14].

At the moment, it is not possible to quantitatively esti-

mate the TFA intake of natural and industrial sources (e.g.

PHVO) from analytical data. Additionally, comparable

data on the TFA isomer distributions in various food

matrices are not available. In this study, we have searched

for the full spectrum of TFA present in the human mother

milk and evaluated whether certain TFA patterns can be

used as indicator(s) for the mother’s intake of TFA from

ruminant products and other sources.

Experimental Procedures

Subjects and Collection of Breast Milk

Breast milk samples were donated by breastfeeding par-

ticipants of the KOALA study, a prospective birth cohort

study described elsewhere [15]. Briefly, we recruited

pregnant women with varying lifestyles (conventional and

alternative). Pregnant women with a conventional lifestyle

(n = 2,343) were recruited from an ongoing prospective

cohort study on pregnancy-related pelvic girdle pain in the

Netherlands. During the same recruitment period

(December 2002–August 2003) pregnant women with an

alternative lifestyle, which often includes the use of

organic food, were recruited through several channels, such

as organic food shops, anthroposophic doctors and mid-

wives, Rudolf Steiner schools, and relevant magazines. A

total of 312 mothers agreed to donate milk samples which

were collected 1 month post partum (146 from the con-

ventional and 166 from the alternative lifestyle group

without further preselection criteria [16], both groups were

recruited from December 2002 to August 2003). The study

was approved by the Medical Ethical Committee of

Maastricht University/Academic Hospital Maastricht,

Maastricht, The Netherlands.

Breast Milk Sampling and Fatty Acids Analysis

Collection and processing of the breast milk samples

occurred on the same day. Fractions used for fatty acids

analysis were preserved by mixing approximately 2 ml of

milk with 2 ll methanol containing 500 mg butylated

hydroxytoluene (BHT) per liter. The samples were stored

at -80 �C in plastic storage vials (Sarstedt, Nümbrecht,

Germany) at the European Biobank in Maastricht (the

Netherlands), until analysis. Analyses of the fatty acids

composition were completed in milk samples from 310 of

312 subjects. Lipids were extracted from the milk samples

with chloroform/methanol (2/1, v/v ? 0.001% BHT) in

duplicate and fatty acid methyl esters were prepared for

GC-FID analysis (Agilent 6890, Agilent, Waldbronn,

Germany) on a 100 m 9 0.25 mm 0.2 lm CP Sil 88 col-

umn (Varian, Darmstadt, Germany). The derivatisation

procedure included a saponification step with 0.5 M

potassium hydroxide solution in methanol with subsequent

acidic esterification with 1 M sulphuric acid in methanol.

Standard components for identification and calculation of

response factors were obtained as fatty acid methyl esters

from Sigma (Munich, Germany). TFA were identified on

the basis of the elution order given in [17]. In total, 36 fatty

acids were used in the final data analysis. The chosen

methodology gives a reasonable separation of the major

18:1-TFA. Co-elutions are indicated in the tables (e.g. co-

eluting 6(trans), 7(trans)- and 8(trans)18:1 are labelled as

6/7/8(trans)18:1. 16:1 trans and cis isomers were less well

resolved (also due to chromatographically interfering 17:0

isomers) and are presented as total (trans)16:1 and total

(cis)16:1 the elution order of other fatty acids methyl esters

was confirmed by their retention times and positive
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electron impact ionization GC–MS (Trace GC coupled to a

PolarisQ ion trap mass spectrometer, both Thermo Elec-

tron, Dreieich, Germany) as described elsewhere [18].

Food Frequency Questionnaire

The food frequency questionnaire (FFQ) was included in a

self-administered questionnaire in week 34 of pregnancy.

The questionnaire was based on an existing validated FFQ

[19], which was extended and modified to meet the specific

aims of this study, including products frequently used by

people with alternative life styles. The FFQ consisted of

approximately 160 food items, for which the frequency of

consumption in the last month and portion size were to be

estimated by the participants. In addition, the participants

were asked to approximate the amounts of consumed food

of conventional, organic and biodynamic origin, repre-

senting three different types of food production. Biody-

namic food is a special type of organic food which is

produced according to anthroposophic guidelines. Based

on the consumption of organic food, subjects were classi-

fied into three groups. The conventional group (n = 185)

consisted of persons who claimed to consume less than

50% ‘‘meat and dairy products of organic origin’’

(MDOO), whereas people in the other two groups con-

sumed substantial amounts of organic products: Thirty-

three persons used 50–90% MDOO and 37 used [90%

MDOO; 55 women reported other combinations of meat

and dairy products from different categories of organic

origin (e.g. conventional dairy and [90% organic meat)

[14]. The study participants were also grouped according to

the amount of the daily intake of dairy fat, as calculated

from the FFQ: 55 women consumed 0–10 g/day, 106

10–20 g/day, 117 20–40 g/day and finally 32 women

consumed 40–76 g/day of dairy products. The character-

istics of the study participants in these groups have been

described in detail elsewhere [14, 16]. The fat intake in

these groups was calculated using the data from the FFQ

and the Dutch Food Composition Table [20].

Statistical Methods

Duplicate values of fatty acids (expressed as weight per-

centage (wt%) of total fatty acids in breast milk fat) were

averaged for each subject, and the resulting mean values

were used for further calculations. Principal component

analysis (PCA) was performed to evaluate correlations

between groups of fatty acids using breast milk levels. In

the PCA a varimax rotation was used in order to maximize

the intersubject variance, and the limit of the eigenvalue for

meaningful components was set at 1.5. In a first PCA, all

measured fatty acids were included, and in a second PCA

only compounds known to be enriched in dairy fat and

PHVO: 18:1 and 18:2 isomers, and 15:0, 17:0 and 18:0 as

markers for ruminant fat intake [7, 14, 21–23]. Both PCAs

yielded 2 first components with similar factor loadings and

therefore we only present the second PCA. For compari-

sons between groups, mean wt% of breast milk fatty acid

levels and TFA markers were computed for groups of

subjects classified by dairy fat intake, and by MDOO

intake, using the Tukey–Kramer test for multiple compar-

isons between groups of unequal size. Linear regression

analysis was used to test whether TFA concentrations

increased or decreased over the categories of dairy fat

intake (categories 0–10, 10–20, 20–40 and 40–76 g/day,

respectively) and of MDOO intake (conventional, 50–90%

MDOO and [90% MDOO, respectively). All statistical

analyses were done in SPSS 12.0 for Windows [24].

Results and Discussion

Our results show that the total TFA content of mothers’

milk in the compared groups ranged between 3 and 3.3% of

total fatty acids (Table 1), which is lower than the values

previously measured in the human milk of German mothers

in 1992 (4.4% [25]) and in 1999 (3.8% [26]). The total

TFA content in milk from American and Canadian woman

has declined since obligatory TFA labeling was introduced

in these countries and recent studies [10, 27] revealed a

total TFA amount of 7.0% in the United States of America

and 4.6% in Canada. Since no significant differences in the

total TFA content between groups of organic intake and

dairy fat intake could be observed in the present study, we

have concluded that the total TFA content is not suitable as

a ‘‘quality’’ descriptor for human milk.

Alternatively, the data on the fatty acids composition of

the various samples were evaluated by PCA, to detect

groups (components) of fatty acids with high correlations

within each component and low (or negative) correlations

between the components (Table 2). Three components

were found, that together explain 61% of the variance of

fatty acids included in this analysis. Component 1 repre-

sents 18:1 trans-isomers with double bonds between

positions 6 and 14, with highest factor loadings ([0.80)

for 6/7/8(trans), 9(trans), 10(trans), 12(trans) and 13/

14(trans)18:1. Component 2 shows the highest factor

loadings for 15:0, 16:0, 17:0, 9(cis),11(trans)CLA (rume-

nic acid) and 11(trans)18:1. Whereas there is a consider-

able clustering of TFA known to be typical for PHVO in

component 1, component 2 comprises fatty acids typically

found in ruminant fats (C15:0 and C17:0) as well as

11(trans)18:1 and rumenic acid. This interpretation of the

PCA loadings table is further corroborated by the compo-

nent plot in Fig. 1. PHVO fatty acids form one distinct

cluster whereas fatty acid associated with dairy fat such as
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11(trans)18:1, C15:0 and rumenic acid form a second

cluster. Possible markers for TFA from PHVO would be

therefore 6/7/8(trans)-, 9(trans)-, 10(trans)- and 13/

14(trans)18:1 (or the sum of them). The fact that

11(trans)18:1 is associated with component 1 as well as

with component 2 probably reflects its presence in both

natural fat of ruminant origin and in PHVO [28, 29].

Component 3 includes cis and trans 16:1 fatty acids, as

well as 9(cis)18:1 (oleic acid) and 11(cis)18:1, which are

mainly of dietary origin, but can also be synthesized by the

stearoyl-desaturase from 16:0 and 18:0. Note that

11(cis)18:1 fatty acids can as well derive from the elon-

gation of 7(cis)16:1 by means of fatty acid elongation. The

PCA suggests that the major variation between the study

participants was caused by differences in the intake of

ruminant fats and probably other (including industrial)

sources of TFA. Therefore, we analyzed our data depend-

ing on the intake of MDOO and dairy fat. Unfortunately, it

was not possible to assess the intake of PHVO with our

FFQ mainly because of the lack of available data on the

TFA isomer composition of different food.

The amounts of 6/7/8(trans)18:1, 9(trans)18:1 and

10(trans)18:1 in human milk decrease with the dairy fat

intake calculated from the FFQ. The amounts of these

PHVO-characteristic TFA are the highest in the group with

the lowest dairy intake of 0–10 g/day and decrease with

increasing amounts of dairy fat intake. The opposite is true

for fatty acids known to be present in relatively high

amounts in dairy products such as 11(trans)18:1 and

9(cis),11(trans)CLA (Table 1). When the levels of the

various TFA-isomers were compared between groups of

different MDOO intake, a similar pattern emerged, as

can also be seen in Table 1. The PHVO-characteristic

9(trans)18:1 and 10(trans)18:1 are highest in the conven-

tional group and are significantly lower in the group of

[90% MDOO. By contrast, the levels of the dairy products

characteristic TFA—11(trans)18:1 and 9(cis),11(tran-

s)CLA—increased with the amount of consumed MDOO.

Interestingly, no significant differences of total TFA have

been observed among groups of increasing intake of

MDOO or among the groups with increasing dairy intake

(Table 1), although the isomer distribution differed

significantly. Not only were several single TFA consid-

ered possible markers either for dairy- or for PHVO-intake,

also two ratios between these fatty acids were considered

in our work: 10(trans)18:1/11(trans)18:1 and 9(trans)18:1/

11(trans)18:1 (Table 1). The 9(trans)18:1/11(trans)18:1

ratio shows a significantly lower value in the groups

with either higher dairy fat or higher MDOO intake

(Table 1). The same ratios were calculated for the subjects

groups consuming different amounts of MDOO: 9(trans)

Table 2 Principal component analysis of marker fatty acids in human

milk (n = 310)

Component

1 2 3

15:0 0.91

16:0 0.66

(trans)16:1 0.76

(cis)16:1 0.35 0.72

17:0 0.61

18:0 -0.39

6/7/8(trans)18:1 0.93

9(trans)18:1 0.85

10(trans)18:1 0.92

11(trans)18:1 0.62 0.58

12(trans)18:1 0.90

13/14(trans)18:1a 0.84 0.29

9(cis)18:1b -0.35 0.38

11(cis)18:1 0.84

12(cis)18:1 0.74

13/14(cis)18:1 0.53 0.42

9(trans),11(trans)CLA -0.35

9(cis),11(trans)CLA 0.87

9(trans),12(trans)18:2 0.37

Variance (%) 28 19 14

The table shows factor loadings (values below 0.25 are not shown).

Rotation method: Varimax with Kaiser Normalization
a May include 6/7/8(cis)18:1
b May include 15(trans)18:1 and 10(cis)18:1

Fig. 1 PCA component plot for marker fatty acids in human milk

(n = 310)
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18:1/11(trans)18:1 ratio was significantly lower in the

group with 50-90% MDOO (0.96 ± 0.40, P \ 0.05) and

[90% MDOO (0.92 ± 0.46, P \ 0.05) compared to the

conventional group (1.40 ± 0.61). Comparable trends

were observed for the ratios including 10(trans)18:1,

which seems to be the most abundant isomer in

PHVO in the US [27], relative to 11(trans)18:1 (Table 1).

These ratios were calculated alternatively for further

comparisons.

The observed changes in the TFA patterns and the cal-

culated TFA ratios suggest major differences between TFA

intakes of food with different TFA isomer compositions, e.g.

TFA from ruminant/dairy fat versus TFA from industrial

sources. A previous biomarker study has shown that 6/7/8/

9(trans)18:1 and 10(trans)18:1, but not 11(trans)18:1, from

PHVO were increased in plasma phospholipids of high

margarine consumers compared to groups with high butter

intake [7]. Our results from the PCA corroborate that these

fatty acids are suitable indicators for TFA intake from

PHVO. In order to find a single descriptor of TFA intake, the

9(trans)18:1/11(trans)18:1-ratio was evaluated as a alter-

native descriptor for TFA composition in human milk

samples in comparison to the total TFA value. This value

was significantly lower in both groups with organic meat and

dairy intake. Previous work revealed that 11(trans)18:1 was

the predominant 18:1 isomer in human milk from German

women (with a 9(trans)18:1/11(trans)18:1-ratio of 0.54 and

a 10(trans)18:1/11(trans)18:1-ratio of 0.47) [26]. By con-

trast, the main isomer in the milk of American mothers was

10(trans)18:1, with a 10(trans)18:1/11(trans)18:1-ratio of

1.36. [27]. The 9(trans)18:1/11(trans)18:1-ratio was calcu-

lated from Mosley’s data to be 0.59, revealing the differ-

ences in TFA isomer distribution in milk samples from the

US and from Europe. Note that the corresponding values in

our conventional- and low dairy intake-group were 0.84

(9(trans)18:1/11(trans)18:1-ratio) and 1.01 (10(trans)18:1/

11(trans)18:1-ratio), respectively. This suggests that milk

from American women not only contained higher amounts

of total TFA but also that these TFA are derived to a great

extent from industrial sources. To estimate the amount of

dairy intake, the amounts of other markers of ruminant fat

such as 15:0, 17:0 and 9(cis), 11(trans)CLA could in prin-

ciple be used as well, but they are only partially correlated to

total TFA. The 9(cis),11(trans)CLA would have the disad-

vantages of showing seasonal variation [21] and being a

metabolite of 11(trans)18:1 [30].

We can conclude from our data that a diet rich in dairy

products and/or MDOO is strongly associated with a lower

9(trans)18:1/11(trans)18:1-ratio in human milk, whereas a

diet low in dairy products and/or MDOO (and probably

higher in TFA of PHVO origin) leads to a high ratio. This

isomer ratio is therefore worthy of being taken into account

when studying the health-related impact of TFA levels in

food [31, 32]. Since it allows the qualitative discrimination

between TFA from natural (ruminant) and industrial (par-

tially hydrogenated) origin, it can be used as a tool to relate

these two types of product-groups in the diet of the mothers

to different health-outcomes in their children.
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Abstract Two tunicates, Eudistoma sp. and Leptoclinides

uniorbis, collected from the tropical waters off Djibouti

were investigated for lipids and phospholipid (PL) fatty

acids. PL accounted for 38.2% of the total lipids in

Eudistoma sp. and for 30.2% in L. uniorbis. PL classes

were quantified by normal-phase high-performance liquid

chromatography using an evaporative light-scattering

detector and revealed essential differences. Eudistoma sp.

contained mainly phosphatidylcholine (PC, 70.3% of total

PL) and lysophosphatidylcholine (LPC, 11.9%) and was

devoid of phosphatidylserine (PS), whereas the major PL

of L. uniorbis was PS (59.1%) followed by PC (22.5%) and

LPC (8.8%). Gas chromatography–mass spectrometry

analyses of fatty acid (FA) derivatives revealed 38 FA in

Eudistoma sp., and 35 FA in L. uniorbis, ranged from C12

to C24 chain lengths. Polyunsaturated FA accounted for

25.9% in Eudistoma sp. and for 32.3% in L. uniorbis.

Interestingly, L. uniorbis contained a high percentage

(16.7%) of the 20:5n-3 acid (8.9% in Eudistoma sp.) and

the 18:4n-3 acid (4.1%). Significant levels of the 20:4n-6

acid were observed in both organisms (7.8 and 6.0%

respectively). Eudistoma sp. contained the rare 20:3n-7

acid (2.3%) only recorded to date in hydrothermal vent

animals. The cyclopropane dihydrosterculic acid was

identified in both tunicates (0.7 and 0.5% respectively).

These latter FA, together with some unusual branched

saturated and monounsaturated FA, revealed the occur-

rence of associated bacteria in the tunicates. Another

noticeable feature was a series of eight C16 to C18 aldehyde

dimethylacetals revealing the presence of plasmalogens at

5.0% in Eudistoma sp. and 14.2% in L. uniorbis. The

results of this study were compared with those previously

published for other tunicates regarding mainly PL content

and FA composition.

Keywords Ascidians � Dimethylacetals � Eudistoma �
Fatty acids � Leptoclinides � Lipid classes � Phospholipids �
Plasmalogens � Tunicates

Abbreviations

amu Atomic mass unit

CL Cardiolipin

DMA Aldehyde dimethylacetals

FA Fatty acid(s)

DHA Docosahexaenoic acid (22:6n-3)

ELSD Evaporative light scattering detector

EPA Icosapentaenoic acid (20:5n-3)

FAME Fatty acid methyl ester(s)

GC–MS Gas chromatography–mass spectrometry

HPLC High performance liquid chromatography

LPC Lysophosphatidylcholine

MUFA Monounsaturated fatty acid(s)

NAP N-acyl pyrrolidide(s)

PL Phospholipid(s)

PC Phosphatidylcholine

PE Phosphatidylethanolamine
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PG Phosphatidylglycerol

PI Phosphatidylinositol

PS Phosphatidylserine

PUFA Polyunsaturated fatty acid(s)

SPH Sphingomyelin

SFA Saturated fatty acid(s)

Introduction

Tunicates are marine invertebrates present in almost every

marine community and particularly abundant in coastal

regions [1–4]. Tunicates and Ascidians (class Ascidiacea)

are now well-known to be rich sources of unique and

biologically active metabolites including lipids and

lipophilic compounds [5, 6], in particular those from the

Eudistoma genus (family Polycitoridae) [7, 8], and those

from the apparently less documented genus Leptoclinides

(family Didemnidae) [9, 10]. New amino acid derivatives

have been isolated from a polar cytotoxic extract (P-388

cells) of the ascidian Leptoclinides dubius [11]. A series of

halogenated pyridoacridine alkaloids was isolated from

ascidians including a Leptoclinides species [12].

In spite of this interesting ascidian chemistry, only a few

studies have been directed towards the ascidian lipids and

fatty acids (FA). Seasonal changes in the FA composition

of the ascidian Halocynthia roretzi were reported a long

time ago [13]. Other pioneering studies described the

phospholipid (PL) FA composition of several ascidian and

pelagic tunicate species [14, 15]. A new phytosphingosine

type cerebroside and two new carotenoids were isolated

from Mediterranean tunicates [16]. New glucosphingoli-

pids were obtained and characterized from the Ascidian

Phallusia fumigata [17]. Lipid and FA compositions of the

pelagic tunicate Doiloletta gegenbauri were determined

[18]. The lipophilic extract of a tunicate from the Indian

Ocean, Aplidium savignyi, contained unusual antioxidant

isoprenoid hydroquinones [19]. The FA composition of

polar lipids from benthic ascidians was reported [20, 21].

The FA composition of the tunicate Botryllus schlosseri

was compared with those of two associated bacterial strains

[22]. High levels of EPA (up to 25% of total FA mixture)

and DHA (up to 20%) were reported from total lipids,

neutral lipids and polar lipids of the edible tunicate

H. roretzi [23]. Seasonal changes in thermotropic behavior

of particular PL classes, and their fatty acyl chain com-

positions, were studied in different organs of the ascidian

Halocynthia aurantium revealing high levels of 20:5n-3

(EPA) and 22:6n-3 (DHA) in almost all samples [24]. New

lipids from a Cystodytes tunicate were recorded including

sphingosines as phospholipase PLA2 inhibitors and

inactive ceramides [25]. Interestingly, high levels of DHA

were observed in glycolipids (up to 12% of the FA mix-

ture) and especially in PL (38.2%) from the pelagic colo-

nial tunicate Pyrosoma atlanticum [26]. Ether-linked

glycerophospholipids in muscle and viscera, a major PL

subclass of H. roretzi, were investigated [27]. Interestingly,

the sn-2 glycerol positions of these ether lipids contained

high levels polyunsaturated FA (PUFA) including EPA

and DHA as major components. Several new glyco-

sphingolipids were isolated from the marine ascidian

Microcosmus sulcatus [28, 29]. Several fractions of a

dichloromethane extract obtained from an Eudistoma

ascidian displayed a cytotoxic activity attributed to het-

erocyclic aromatic amines [30]. Unprecedented serinoli-

pids were identified from the tunicate Didemnum sp. [31].

Recently, some known lipid molecules have been identified

in the methanolic extract of the ascidian Didemnum

psammatodes including sterols, FA, methyl esters and

glyceryl ethers [32]. The mixture of three methyl esters

from the latter organism showed antiproliferative and

cytotoxic effects against human leukemia cell lines. Lipids

of Antarctic zooplankton including tunicates were investi-

gated [33]. The lipid contents of the pelagic tunicate

Oikopleura vanhoeffeni were reported showing PL as the

major lipid class [34].

As part of our ongoing studies of lipids from marine

invertebrates, tunicates [21], sponges [35–39], and gor-

gonians [40], we investigated two tropical ascidian spe-

cies for lipids and PL FA. This work aims at extending

knowledge on ascidian lipids and PL FA in comparison

with data published for other species living at different

places.

Materials and Methods

Animals

Both tunicates studied are classified as Tunicates, Ascidi-

ans, order Aplousobranchia. Eudistoma sp. belongs to the

Polycitoridae family, while Leptoclinides uniorbis to the

Didemnidae family. Specimens were collected during a

scuba diving campaign in October 1998 (Ardoukoba

scientific expedition) in the Ghoubbet Bay (Ghoubbet

al-Kharab, Djibouti) at approximately 10–20 m depth.

Animals were then kept in sea water and frozen

(-20 �C). They were stored at this temperature since the

harvesting site up to the laboratory with the technical

support of the French army. Voucher specimens were

deposited at the Muséum National d’Histoire Naturelle,

Paris, France (L. uniorbis Monniot C. & F., 1996, regis-

tration number n� A2 LEP 111—Eudistoma sp., number of

collected specimen: D33).

254 Lipids (2010) 45:253–261

123



Extraction, Isolation and Analysis of PL

The tunicates were extracted with CH2Cl2/CH3OH (1/1, v/v)

at room temperature for 2–3 days in closed bottles. The

combined extracts yielded the crude total lipids. PL were

separated from other lipids by column chromatography on

silica gel (70–230 mesh) using dichloromethane (neutral

lipids), acetone (glycolipids) and methanol (PL) as suc-

cessive eluents. The general methods used for isolation and

analysis of lipid mixtures have been described previously

[35, 38–40].

Standards of PL [phosphatidylcholine (PC), phosphati-

dylethanolamine (PE), phosphatidylserine (PS), phos-

phatidylglycerol (PG), phosphatidylinositol (PI),

lysophosphatidylcholine (LPC), sphingomyelin (SPH)]

were purchased from Sigma-Aldrich Co. (Saint-Quentin

Fallavier, France). PL separations were performed on a

modular UltiMate� 3000 RS HPLC System (Dionex,

France) coupled to an evaporative light scattering detector

Sedex 85 (Sedere S.A., Alfortville, France). Chromeleon�

Chromatography Management Software (Dionex) was used

for system control and data processing.

Chromatographic analysis of PL was carried out

according to the method of Stolyhwo et al. [41]. The

nebulizer gas pressure (dried and filtered air) was main-

tained at 3.5 bar and the drift tube temperature was set at

50 �C. The analytical column (150 mm 9 4.6 mm, i.d.

3 lm) was packed with a silica normal-phase Previal

(Alltech Associates Inc., Lokeren, Belgium). A precolumn

with the same packing and internal diameter was used.

The chromatographic separation was carried out using a

binary gradient according to the following scheme: t0 min:

0% B, t3 min: 20% B, t12 min: 100% B, and finally isocratic

conditions (100% B) for 3 min. Eluent A consisted of

chloroform and eluent B of methanol/28% ammonia in

water/chloroform (92:7:1, v/v/v). The mobile phase was

brought back to the initial conditions and the column was

allowed to equilibrate until the next injection. The total

chromatographic run time was 20 min per sample. The

flow rate was maintained at 1.5 mL/min. Samples were

dissolved in chloroform (2 mg/mL) and the injection vol-

ume was 10 lL per sample. The samples and the column

were thermostatized at 10 and 25 �C, respectively. The

lipids extracted were injected three times.

The PL identification was carried out by comparison

with the retention time of pure standards. To obtain a

quantitative evaluation of the PL, calibration curves were

determined from the area values obtained by injecting

10 lL of chloroform serial diluted solutions of PE, PC,

SPH, LPC (1–10 lg) and PI, PS (0.5–5 lg). Calibration

curves were calculated by applying the equations of the

power model to the area and concentration values. The sum

of the PL concentrations was regarded as total PL con-

centration. PL species were expressed as % of the total PL.

Preparation and GC–MS Analyses of FA Methyl Esters

and N-Acyl Pyrrolidides

The PL fatty acids were converted to methyl esters by the

reaction (30 min under reflux) with methanolic hydrogen

chloride. N-Acyl pyrrolidides (NAP) were prepared by

direct treatment of methyl esters with pyrrolidine/acetic

acid (10/1, v/v) under reflux (2 h) [42].

Fatty acid methyl esters (FAME) and NAP were ana-

lyzed using a Agilent model 689 series II gas chromato-

graph linked to an Agilent 5973 series network mass

selective detector (e.i. at 70 eV) equipped with an Agilent

model 5973N selective quadrupole mass detector. Separa-

tion was achieved with a CP-Sil 5 CB low bleed MS

capillary column (60 m 9 0.25 mm i.d., 0.25 lm phase

thickness; Chrompack, Middelburg, The Netherlands). The

temperatures of injector and interface were maintained at

250 �C and helium was used as the carrier gas under a

constant flow rate (1 mL/min). For FAME and NAP

analyses, the oven temperature was programmed from 200

to 340 �C at a rate of 8 �C/min. The temperature was

maintained for 15 min then allowed to drop immediately to

285 �C.

Mass spectral data for the rare icosatrienoic acid pyrr-

olidide are presented below.

7,10,13-icosatrienoic acid pyrrolidide. MS m/z (rel.

intensity): 359 (M?, 29.4), 344 (1.6), 330 (2.4), 316

(2.4), 302 (3.2), 288 (4.5), 274 (7.1), 260 (4.8), 248 (6.3),

234 (5.6), 220 (4.8), 208 (15.9), 194 (5.6), 180 (8.8), 168

(15.9), 154 (8.7), 140 (10.3), 126 (85.7), 113 (100), 98

(42.9), 85 (26.3) 72 (59.4), 70 (61.1), 55 (48.4).

Results

Lipid Content and Lipid Class Composition

The tunicates Eudistoma sp. and L. uniorbis were com-

posed of respectively 0.86 and 0.82% of lipids (related to

dry matter). Neutral lipids (40.20%) and PL (38.17%)

were predominant lipid classes for Eudistoma sp., while

L. uniorbis possessed almost similar proportions of neutral

lipids, glycolipids and PL (35.78, 33.97 and 30.25%,

respectively) (Fig. 1).

Furthermore, the separation and quantification of PL

classes were carried out by high-performance liquid chro-

matography using an evaporative light-scattering detector

[41, 43], and showed that the main PL class in Eudistoma
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sp. was PC at 70.3%, whereas it was PS at 59.1% in

L. uniorbis. All PL components are shown in Table 1.

Eudistoma sp. was devoid of PS and contained 11.9% of

LPC, and relatively noticeable amounts of PG and cardi-

olipin (CL). L. uniorbis contained 22.5% of PC and lower

amounts of LPC (8.8%), PG, CL and PI. Eudistoma sp.

contained only 0.6% of PE, and L. uniorbis contained trace

amounts of SPH.

PL Fatty Acid Composition

Thirty-eight FA in PL of Eudistoma sp., and 35 FA in PL

of L. uniorbis, were identified by gas chromatography–

mass spectrometry (GC–MS) analyses as methyl esters

(FAME) and NAP derivatives. Most of the FA listed in

Table 2 were identified as FAME by comparing their

equivalent chain length (ECL) values with those previously

described or using commercial mixture.

For many compounds, GC–MS data of the NAP deriv-

atives allowed to confirm their structures and to determine

the double bond and branching positions [42].

Saturated FA

The PL of Eudistoma sp. contained 42.9% of saturated

fatty acids (SFA) whereas those of L. uniorbis contained

only 29.2% of SFA. The SFA were ranged from C14 to C22

for both organisms. Major SFA were palmitic (15.9%),

stearic (8.2%) and myristic (6.5%) acids for Eudistoma sp.,

and myristic (8.2%), palmitic (4.9%) and stearic (3.7%)

acids for L. uniorbis. A C20 isoprenoid FA, phytanic acid,

occurred at 2.1% in Eudistoma sp. and at 0.8% in

L. uniorbis.

Monounsaturated FA

Monounsaturated FA (MUFA) of PL from Eudistoma sp.

represented 31.2% of the total FA identified, with the

predominant part consisting of palmitoleic (9.7%), oleic

(9.4%) and vaccenic (6.4%) acids. MUFA accounted for

38.5% of the total FA in PL of L. uniorbis, with a wide

part of vaccenic (15.6%), palmitoleic (12.0%) and oleic

(5.8%) acids. The 7-methyl-6-hexadecenoic acid, often

found in marine organisms, accounted for 0.8% in

Eudistoma sp. and 0.4% in L. uniorbis. The rare

15-methyl-6-hexadecenoic and 15-methyl-9-hexadecenoic

acids occurred as traces only in PL of Eudistoma sp.

Another interesting MUFA was detected by GC–MS as

methyl ester only in Eudistoma sp. It was eluted just after

the 9–19:1 methyl ester (ECL value of 18.92), and its

mass spectrum, showing a molecular ion at m/z 310

corresponding to a 19:1 acid structure, was identical to

those previously presented [42, 44, 45]. Other diagnostic

peaks were the relatively intense peak at m/z 278

([M-32]?, loss of methanol), and peaks at m/z 236

([M-74]? and m/z 194 ([M-116]?, loss of COOMe plus 4

CH2 from the chain) [45]. This cyclopropane FA, namely

9,10-methyleneoctadecanoic acid, has been recorded for

the first time in tunicates to the best of our knowledge.

Polyunsaturated FA

Polyunsaturated FA accounted for 25.9% of total PL FA

mixture in Eudistoma sp., while they were the most part of

PL FA (32.3%) from L. uniorbis. The predominant PUFA

were 20:5n-3 (EPA, 8.9%), 20:4n-6 (arachidonic, 7.8%)

acids in Eudistoma sp., and EPA (16.7%), 20:4n-6 (6.0%)

and 18:4n-3 (stearidonic, 4.1%) acids in L. uniorbis. Thus,

arachidonic acid occurred at significant levels in both

organisms. The 22:6n-3 acid (DHA) was found at low

levels in both organisms (3.0 and 2.5% respectively).

Table 1 Phospholipid class composition of Eudistoma sp. and

Leptoclinides uniorbis

Phospholipid class Eudistoma sp. L. uniorbis

Phosphatidylglycerol 9.4 ± 3.1 4.0 ± 0.9

Cardiolipin 7.8 ± 1.9 3.0 ± 0.8

Phosphatidylinositol – 2.6 ± 0.2

Phosphatidylserine – 59.1 ± 2.2

Phosphatidylethanolamine 0.6 ± 0.0 –

Phosphatidylcholine 70.3 ± 3.9 22.5 ± 1.9

Lysophosphatidylcholine 11.9 ± 2.8 8.8 ± 1.0

Traces (\0.5%) of sphingomeylin were observed in L. uniorbis

Values expressed as mean (n = 3) ± standard deviation
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Fig. 1 Lipid class composition of Eudistoma sp. and Leptoclinides
uniorbis
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Table 2 Phospholipid fatty acids and dimethylacetals from the tunicates Eudistoma sp. and Leptoclinides uniorbis

Fatty acidsb ECLa Abundance (wt%)

Eudistoma sp.b L. uniorbis

Saturated fatty acids (SFA)

Dodecanoic (12:0) 12.00 – 1.2 ± 0.3

Tridecanoic (13:0) 13.00 – 0.8 ± 0.2

Tetradecanoic (14:0) 14.00 6.5 ± 0.1 8.2 ± 0.5

13-Methyltetradecanoic (i-15:0) 14.64 0.6 ± 0.1 1.2 ± 0.3

Pentadecanoic (15:0) 15.00 1.1 ± 0.5 1.1 ± 0.2

14-Methylpentadecanoic (i-16:0) 15.61 0.7 ± 0.1 0.2 ± 0.0

Hexadecanoic (16:0) 16.00 15.9 ± 1.7 4.9 ± 0.6

15-Methylhexadecanoic (i-17:0) 16.61 1.8 ± 0.3 0.7 ± 0.1

14-Methylhexadecanoic (ai-17:0) 16.70 0.9 ± 0.2 0.4 ± 0.0

Heptadecanoic (17:0) 17.00 1.8 ± 0.1 0.4 ± 0.1

3,7,11,15-Tetramethylhexadecanoic (br-20:0) 17.69 2.1 ± 0.5 0.8 ± 0.1

Octadecanoic (18:0) 18.00 8.2 ± 0.5 3.7 ± 0.2

17-Methyloctadecanoic (i-19:0) 18.63 0.4 ± 0.1 –

Nonadecanoic (19:0) 19.00 1.4 ± 0.1 1.3 ± 0.7

Icosanoic (20:0) 20.00 0.6 ± 0.1 2.3 ± 0.4

Heneicosanoic (21:0) 21.00 0.4 ± 0.0 1.2 ± 0.3

Docosanoic (22:0) 22.00 0.5 ± 0.1 0.8 ± 0.1

Total SFA 42.9 ± 2.9 29.2 ± 1.9

Monounsaturated fatty acids (MUFA)

9-Hexadecenoic (16:1) 15.76 9.7 ± 0.8 12.0 ± 0.2

11-Hexadecenoic (16:1) 15.82 0.8 ± 0.1 0.7 ± 0.1

7-Methyl-6-hexadecenoic (br-17:1) 16.48 0.8 ± 0.1 0.4 ± 0.1

11-Heptadecenoic (17:1) 16.75 0.8 ± 0.1 0.6 ± 0.3

9-Octadecenoic (18:1) 17.77 9.4 ± 1.1 5.8 ± 0.4

11-Octadecenoic (18:1) 17.83 6.4 ± 1.1 15.6 ± 1.2

9-Nonadecenoic (19:1) 18.75 0.7 ± 0.2 0.4 ± 0.0

9,10-Methyleneoctadecanoic (19:1) 18.91 0.7 ± 0.0 0.5 ± 0.2

12-Icosenoic (20:1) 19.73 0.9 ± 0.3 1.8 ± 0.6

13-Icosenoic (20:1) 19.82 1.0 ± 0.3 0.7 ± 0.1

Total MUFA 31.2 ± 0.3 38.5 ± 0.7

Polyunsaturated fatty acids (PUFA)

6,9,12-Octadecatrienoic (18:3) 17.46 1.0 ± 0.0 0.8 ± 0.2

6,9,12,15-Octadecatetraenoic (18:4) 17.56 – 4.1 ± 0.4

9,12-Octadecadienoic (18:2) 17.65 2.9 ± 0.5 2.2 ± 0.4

5,8,11,14-Icosatetraenoic (20:4) 19.27 7.8 ± 0.7 6.0 ± 0.4

5,8,11,14,17-Icosapentaenoic (20:5) 19.36 8.9 ± 1.0 16.7 ± 0.6

7,10,13-Icosatrienoic (20:3) 19.50 2.3 ± 0.7 –

4,7,10,13,16,19-Docosahexaenoic (22:6) 21.30 3.0 ± 0.9 2.5 ± 0.4

Total PUFA 25.9 ± 0.4 32.3 ± 0.7

Fatty aldehyde dimethylacetals (DMA)c

br-16:0 16.10 22.3 ± 1.3 1.9 ± 0.3

16:0 16.46 17.1 ± 0.4 35.8 ± 0.6

br-17:0 17.10 13.5 ± 0.9 23.3 ± 0.2

br-17:0 17.20 5.5 ± 0.1 12.6 ± 0.2

17:0 17.46 9.8 ± 0.2 8.2 ± 0.6

br-18:0 18.10 4.2 ± 0.2 3.3 ± 0.1
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Interestingly, the quite rare 7,10,13-icosatrienoic acid

was readily identified as NAP (see ‘‘Materials and Meth-

ods’’). The mass spectrum of its methyl ester (ECL 19.50)

had a molecular ion peak at m/z 320, suggesting a 20:3 acid

structure. Other major fragment ions were at m/z 289 (loss of

MeO), 222, 150, 136, 122, 107, 93, 79 (base peak), 67 and 55

(peaks at m/z 74 and 87 of low intensity). The NAP showed

an intense molecular ion at m/z 359 (20:3 acid structure) and

the D7, D10 and D13 unsaturations were proved by a dif-

ference of 12 amu (instead of the expected gap of 14 amu)

between homologous fragment ions at m/z 168 and 180, at

m/z 208 and 220, and at m/z 248 and 260, respectively. This

rare PUFA has been found for the first time in a shallow-

water organism to the best of our knowledge.

Fatty Aldehydes (Dimethylacetals)

Eight fatty aldehydes, characterized as their resulting

dimethylacetals, were also present in small amounts in the

FA mixture from both ascidians (Table 2). All mass spectra

of dimethylacetals displayed a typical base peak at m/z 75

[C3H7O2]? and an appreciable fragment ion [M-MeO]?.

Thus, Eudistoma sp. and L. uniorbis contained dimethy-

lacetals displaying, in addition to the m/z 75, several

characteristic fragment ions at respectively m/z 255, 269

and 283 ([M-MeO]?) corresponding to C16:0, C17:0 and

C18:0 aldehydes [44]. Such compounds are known to arise

from methanolysis of particular PL named plasmalogens

containing a vinyl–ether bond at the sn-1 position of the

glycerol backbone (1-O-alk-1-enyl-2-acyl phospholipids)

whose biological interest was recently reviewed [46–48].

Discussion

Tunicates seem to be among the least investigated inver-

tebrates for lipids. The lipid content and lipid class

distribution of our ascidian species can be compared to

those previously published. A recent study showed that

Cystodytes violatinctus possessed quite similar amount of

lipids (1.00%) to those found in the present work (around

0.8%), while another Eudistoma species, E. bituminis,

possessed 4.22% of them [21]. The lipid content of the

edible parts of H. roretzi was studied monthly and found to

be between 0.78 and 2.67% [16]. Other results were

obtained using a similar extraction procedure for ascidians

such as H. roretzi (0.3% of lipids [27]), A. savignyi (0.6%

of lipids [19]), Styela sp. (1.0% of lipids [20]), P. atlanti-

cum (5.0–7.0% of lipids [26]). The ascidian Vanadis ant-

arctica was characterized by a relatively high lipid content

(1.2%) in contrast with the other gelatinous zooplanktonic

species (less than 0.1%) [33]. The mean lipid content of O.

vanhoeffeni was around 5% before the bloom and 7.5%

after the bloom (dry weight) [34]. Thus, the lipid contents

found in the present work are generally comparable to

those published, excepted for a few cases given above.

It was reported that the predominant lipid class in

ascidians is mostly PL, which are well-known to be major

constituents of the cell membrane. Hence, PL in ascidians

ranged from 30 to 90% of the total lipids [21, 25–27, 33,

34]. Nevertheless, knowledge of the PL distribution in tu-

nicates is still limited. In a recent report, the PL contents of

C. violatinctus and E. bituminis accounted for 14.3 and

20.7% of the total lipids [21]. The PL of P. atlanticum

accounted for 73.7% of the total lipids, and the major PL

class was PC (62% of PL), PS being a minor component

with PG not reported [26]. Several gelatinous zooplank-

tonic species also had high PL contents between 40 and

98%, while the non-gelatinous benthic Distaplia cylindr-

inca had 75% of PL [33]. The muscle and viscera of

H. roretzi contained 39.9 and 28.0% of polar lipids

respectively, mainly PL [27]. In this report, the most

abundant PL was PC at around 49% followed by PE and

SPH. The data obtained in the present work (38.2% of PL

Table 2 continued

Fatty acidsb ECLa Abundance (wt%)

Eudistoma sp.b L. uniorbis

br-18:0 18.20 4.4 ± 0.4 2.1 ± 0.1

18:0 18.48 23.2 ± 0.3 12.8 ± 0.2

Total DMA 100.0 100.0

Mean ± SD, n = 3

i iso, ai anteiso, br branched
a ECL were determined using column CP-Sil 5 CB (Chrompack)
b Minor FA identified in Eudistoma sp. (\0.3%): 12-methyltetradecanoic (14.72), 15-methyl-6-hexadecenoic (16.30), 15-methyl-9-hexadece-

noic (16.53), 9-heptadecenoic (16.76), 2-hydroxy-octadecanoic (19.12), tricosanoic (23.00) and tetracosanoic (24.00); and in L. uniorbis:

tricosanoic (23.00), 2-hydroxydocosanoic (23.10) and tetracosanoic (24.00)
c Total DMA accounted for 5.0% of the FA mixture in Eudistoma sp. and for 14.2% in L. uniorbis
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in Eudistoma sp. and 30.2% in L. uniorbis) are in relatively

good agreement with those on other tunicates and ascidians

regarding PL contents.

The possible factors determining the PL class distribu-

tion in marine organisms were early reviewed [48]. It

seemed that the PL pattern of a marine organism is mainly

determined by taxonomic position but other factors have to

be into account such as the environmental conditions [48].

PL composition has been considered to be an indicator of

evolutionary level [14, 15]. PC is the major PL class in a

lot of marine organisms including tunicates [26], sponges

[37, 38, 48], mollusks and echinoderms [48] and Eudis-

toma sp. in the present study. The second most abundant

PL class is often PE, while the acid PS has not been found

as the major PL class in any marine organisms to the best

of our knowledge.

It is rather surprising to find such a weak content of

palmitic acid in L. uniorbis, in comparison with other tu-

nicates for which it was found to be 13–40%, including

those from the Indian Ocean (40.0% for E. bituminis and

21.2% for C. violatinctus) [21]. The occurrence of iso-

branched odd SFA, such as i-15:0, i-17:0 and i-19:0 acids

seems to indicate a possible presence of associated bacteria

[49] as previously observed in marine sponges [50]. Phy-

tanic acid was reported in E. bituminis with a high pro-

portion (16.5%) [21]. It was previously identified as NAP

in low amounts in African gorgonians [40]. It is generally

assumed to originate from the phytol moiety of chloro-

phyll, and probably exogenous owing to the ubiquity of

photosynthetic organisms in oceans [36].

As reported previously, the predominant MUFA were

palmitoleic, oleic and vaccenic acids in both tunicates.

They are commonly observed as being abundant in tuni-

cates (13–25% of PL FA), for example, those from the

Indian Ocean [21]. The methyl-branched D6 MUFA such

as 7-methyl-6-hexadecenoic acid are often found in marine

organisms. The presence of this FA in tunicates was

reported for the first time and these D6 unsaturated FA

were linked to bacterial origin [21]. This compound was

identified in gorgonians [40, 51] and in sponges [52].

Branched short-chain MUFA such as the rare 15-methyl-6-

hexadecenoic and 15-methyl-9-hexadecenoic acids were

found in gorgonians [40] and in the sponge Dysidea fragilis

[53], and probably also originated from associated bacteria

[54]. The 9,10-methyleneoctadecanoic acid was observed

in both tunicates. It has not yet been recorded from tuni-

cates. Cyclopropane FA were observed in marine inverte-

brates such as sponges [50, 55], and it is known that they

are widely distributed among both Gram-positive and

Gram-negative bacteria [56].

Interesting results were the occurrence of EPA at the

high proportion in L. uniorbis (16.7%), and the presence of

the 18:4n-3 acid (4.1%). Surprisingly, the 22:6n-3 acid

(DHA) was found at low levels in this study and not

recorded in C. violatinctus and E. bituminis [21], whereas it

was found in high levels in other tunicates, such as

B. schlosseri (15.5%, [22], H. aurantium (up to 32%, [24])

and H. roretzi (13–20%, [23]. Striking results of this study

were the unexpected proportion of the 20:5n-3 acid (EPA)

in L. uniorbis (16.7%) and the occurrence of the 18:4n-3

acid (4.1%) inducing interesting potentialities for this

species. These n-3 PUFA are generally attributed to marine

photosynthetic phytoplankton. Intense research effort on

the role of n-3 long-chain FA in human health and nutrition

has continuously increased as shown by a number of recent

works [6, 57, 58]. Another result of interest was the iden-

tification of the rare 20:3n-7 acid. This FA was quite

recently identified (as dimethyloxazoline derivative) in

deep-sea cold-seep mussels among several unusual n-4 and

n-7 methylene interrupted PUFA but not in shallow-water

mussels [59]. Such unusual FA probably originate from

chemosynthetic bacteria. Thus, it had been previously

found in hydrothermal vent mussels [60] and in vent

worms [61], and clearly attributed to thiotrophic symbiotic

bacteria.

As revealed by identification of dimethylacetals, both

organisms contained plasmalogens. Biological activities of

plasmalogens were recently reviewed including their roles

in the structure and function of biological membranes [46,

47]. These compounds may protect cells against oxidative

stress, since their vinyl–ether bond is preferentially oxi-

dized which protects PUFA at the sn-2 position from oxi-

dation. Such compounds have also been described i.e. in

sponges [35, 39], gastropods [44], and hydrothermal vent

worms [60].

As concluding remarks, the lipid and PL contents of

Eudistoma sp. and L. uniorbis were relatively similar to

those published for other tunicates. But the PL class dis-

tribution and the PL FA composition of our species were

quite different than those reported for other tunicates. The

most striking result seems to be the PL class distribution

that revealed PC as the major PL in Eudistoma sp. whereas

it was PS in L. uniorbis. Such a strong proportion of PS was

not found in any marine invertebrate to date to the best of

our knowledge. PL FA composition was different than

those previously reported, even for the tunicates of the

same genus such as Eudistoma sp. (the present study) and

E. bituminis [21]. Regarding the PL FA, interesting find-

ings of this work seem to be the high content of EPA, the

occurrence of the 18:4n-3 acid in L. uniorbis, and the

identification of the rare 20:3n-7 acid in Eudistoma sp.

Several FA, such as iso-branched odd chain saturated FA,

branched MUFA, cyclopropane FA and the 20:3n-7 itself

can originate from different types of associated bacteria.

Interestingly was the occurrence of plasmalogens among

PL of both organisms.
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Abstract Euglena gracilis, a unicellular phytoflagellate,

can accumulate a large amount of medium-chain wax

esters under anaerobic growth conditions. Here we report

the identification and characterization of two genes

involved in the biosynthesis of wax esters in E. gracilis.

The first gene encodes a fatty acyl-CoA reductase (EgFAR)

involved in the conversion of fatty acyl-CoAs to fatty

alcohols and the second gene codes for a wax synthase

(EgWS) catalyzing esterification of fatty acyl-CoAs and

fatty alcohols, yielding wax esters. When expressed

in yeast (Saccharomyces cerevisiae), EgFAR converted

myristic acid (14:0) and palmitic acid (16:0) to their cor-

responding alcohols (14:0Alc and 16:0Alc) with myristic

acid as the preferred substrate. EgWS utilized a broad

range of fatty acyl-CoAs and fatty alcohols as substrates

with the preference towards myristic acid and palmitoleyl

alcohol. The wax biosynthetic pathway was reconstituted

by co-expressing EgFAR and EgWS in yeast. When

myristic acid was fed to the yeast, myristyl myristate

(14:0–14:0), myristyl palmitoleate (14:0–16:1), myristyl

palmitate (14:0–16:0) and palmityl myristate (16:0–14:0)

were produced. These results indicate EgFAR and EgWS

are likely the two enzymes involved in the biosynthesis of

medium-chain wax esters in E. gracilis.

Keywords Euglena � Fatty acyl-CoA reductase �
Fatty alcohol � Wax ester � Wax synthase

Abbreviations

CoA Coenzyme A

FAMEs Fatty acid methyl esters

FAR Fatty acyl-CoA reductase

RACE Rapid amplification of cDNA ends

WS Wax synthase

Introduction

Euglena gracilis is a unicellular phytoflagellate protist that

can grow photoautotrophically in a minimal medium as well

as heterotrophically in an organic carbon-rich medium.

Under light or aerobic conditions, Euglena accumulates

polysaccharides (mainly b-1,3 glucan, known as paramy-

lon) and wax esters as energy reserves [1, 2]. Once the cell

culture is switched from light to dark or from aerobic to

anaerobic conditions, the polysaccharide reserve is con-

verted to wax esters in the cytosol and the accumulated wax

esters can reach up to 62% of the total lipid content [3]. Wax

esters produced in Euglena are in a range of the 20- to

36-carbon chains comprised of saturated fatty acids and

alcohols of 12–18 carbon chains with myristyl myristate

(14:0–14:0) as the major species [4]. Under aerobic growth,

Euglena mainly accumulates even-numbered wax esters,

however an anaerobic growth condition promotes the

accumulation of odd-numbered wax esters in some Euglena

strains [3–6]. In addition to light and oxygen, other envi-

ronmental factors, such as nutrients and temperature can

also affect the production and composition of storage wax

esters in Euglena cells. The production of wax esters is

more efficient when the culture medium contains organic

carbon source [7] or when the culture is shifted from low to

high temperature (15 �C to 33 �C) [8]. Supplementation of
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the medium with unsaturated fatty acids (oleic acid, linoleic

acid, linolenic acid) and unusual fatty acid (ricinoleic acid)

leads to the accumulation of these fatty acids in both acyl

and alcohol moieties of wax esters [6].

The wax ester biosynthetic pathway consists of two

successive steps: conversion of fatty acyl-CoA to fatty

alcohol and esterification of fatty acyl-CoA and fatty

alcohol [9]. The enzymes responsible for these reactions are

fatty acyl-CoA reductase (FAR) and acyl-CoA:fatty alcohol

acyltransferase or wax synthase (WS), respectively. The

genes encoding FARs have been identified from a variety of

living organisms, including mouse [10], human [10], silk-

moth [11], bean borer moth [12], jojoba [13], Arabidopsis

[14, 15] and wheat [16]. BmFAR, a fatty acyl-CoA reduc-

tase from silkmoth (Bombyx mori), is responsible for

production of sex pheromone bombykol, (E,Z)-10,12–

hexadecadien-1-ol [11], whereas OsFARXIII, another fatty

acyl-CoA reductase from bean borer moth (Ostrinia scap-

ulalis), catalyzes the production of (Z)-11-tetradecenol,

which can be further converted to acetate or aldehyde

pheromones [12]. ScFAR, a fatty acyl-CoA reductase from

jojoba (Simmondsia chinensis), is responsible for producing

storage wax esters in developing seeds [13]. Arabidopsis

fatty acyl-CoA reductase AtCER4 (At4g33790) is involved

in the synthesis of cuticular wax lipids [15]. TaTAA1a,

TaTAA1b and TaTAA1c, three orthologs of the jojoba

ScFAR, were isolated from wheat [16]; they are involved in

producing the lipid component in the outer pollen wall.

Wax synthases have also been isolated and characterized

from a wide range of living organisms. Some show only

wax synthase activity such as mouse WS, human WS [17],

jojoba ScWS [18] and petunia PhWS1 [19], while the other

exhibit both wax synthase and acyl-CoA:diacylglycerol

acyltransferase (DGAT) activities, including Acinetobacter

WS/DGAT [20] and Arabidopsis WSD1 [21]. Mouse and

human WSs (MmWS and HsWS) are highly expressed in

sebaceous-rich tissues, such as preputial glands and eyelids

[17]. Jojoba ScWS was isolated from developing seeds and

is involved in the synthesis of liquid waxes that accumulate

in seeds [18]. Arabidopsis AtWSD1 (At5g37300) is

involved in synthesis of stem epicuticular wax esters as

shown by a severe reduction of the wax ester content (44

and 46 carbons) in Arabidopsis wsd1 mutants [21]. Petunia

PhWS1 is highly expressed in petals and involved in the

production of very long chain fatty acid esters of methyl,

isoamyl and short to medium straight chain alcohols (4–12

carbons) [19].

In E. gracilis, the activities of both FAR and WS were

found in the microsomal fraction of cultures grown in the

dark [22]. The biochemical assays showed that FAR used

14:0, 16:0 and 18:0 as substrates and required NADH as a

cofactor [22, 23]. Although the biosynthesis of wax esters

in Euglena has been extensively studied, the genes

encoding these enzymes have not been described. Here we

report the identification and characterization of two genes,

EgFAR and EgWS, involved in the biosynthesis of wax

esters in E. gracilis. Heterologous expression of these

genes in yeast revealed the unique properties of the

enzymes—preferential utilization of medium chain fatty

acyl and alcohol as substrates for synthesis of wax esters.

Experimental Procedures

Isolation of Putative Euglena Fatty Acyl-CoA

Reductase (EgFAR) and Euglena Wax Synthase (EgWS)

Euglena gracilis was grown aerobically in a TSY medium

(0.1 g/l sodium acetate, 0.1 g/l beef extract, 0.2 g/l pepto-

tryptone, 0.2 g/l yeast extract, 0.2 lg vitamin B12, 1 lg/l

biotin, 100 lg/l thiamine-HCl, 0.1 lg/l niacinamide, pH

7.0 [24]) at 25 �C for 16 h (120 lE m-2 s-1)/8 h (light/

dark) regime. The Euglena cells can accumulate up to 28%

wax ester under these conditions. Total RNA was extracted

from the E. gracilis culture using TRIZOL� reagent

(Invitrogen). The full length cDNAs of EgFAR and EgWS

were obtained using MarathonTM cDNA Amplifcation kit

under conditions detailed by the supplier (Clontech). The

gene-specific primers used for 50- and 30-RACE of EgFAR

are ACR1 (50-GGCTGGTTGGAGTTGACGTAGCA-30)
and ACF1 (50-GCCATGAACGATTTCTACGCGGG-30)
primers, respectively. The gene-specific primers used for

50- and 30-RACE of EgWS are WSR2 (50-CTCCGGGTG

ACCTTTCGGC-30) and WSF2 primers (50-CCAGCCC

TACTTTTCCACATCTCTGAG-30), respectively.

DNA Sequencing and Analysis

All synthesis and sequencing work was performed by the

DNA Technologies Unit at the Plant Biotechnology Insti-

tute, National Research Council of Canada. Nucleotide

sequence and amino acid sequence comparisons were

conducted using Lasergene7 (DNASTAR).

Amino Acid Sequence Alignment and Phylogenetic

Analysis

Phylogenetic analysis of functionally characterized FARs

and WSs were performed as previously described [25].

Construction of Yeast Expression Vectors Harboring

EgFAR, EgWS and EgFAR-EgWS

The EgWS open reading frame (ORF) was amplified using

primers WSFLF (50-TTCGCGATGGATTTTTTGGGG-30)
and WSFLR (50-GCCACCCAAGGCACTTGGCCT-30)
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and cloned into pYES2.1/V5-His/lacZ vector (Invitrogen),

yielding plasmid pPT504. The EgFAR ORF was amplified

using primers PT0037 (50-GATCGGATCCATGAACGAT

TTCTACGCG-30)-PT0041 (50-ATCAGCTAGCCTATCA

CAGCATGGCCCGC-30) and digested with BamHI and

NheI. The amplified fragment was subsequently cloned into

the corresponding restriction sites of a yeast expression

vector pESC-URA (Stratagene), yielding pPT515. The

amplification was performed using 2.5 units of Platinum�

Pfx DNA polymerase (Invitrogen) in the presence of 5%

(v/v) DMSO. PCR conditions for EgFAR were 35 cycles of

94 �C for 15 s, 55 �C for 30 s, 68 �C for 1 min with the

final extension at 68 �C for 5 min. PCR conditions for

EgWS were identical to EgFAR, except that the extension

time was 30 s instead of 1 min. For the co-expression

study, the EgWS ORF was amplified from pPT504 using

primers PT0049 (50-GATCATCGATATGGATTTCTTAG

GTTTTCCTGAC-30)-PT0050 (50-CTGTAGATCTCTAT

CAGACAGACAGACCTAGC-30). The amplified frag-

ment was digested with ClaI and BamHI and subsequently

cloned into the corresponding sites of pPT515, yielding

pPT516.

Functional Analysis of EgFAR and EgWS in Yeast

pPT515 (EgFAR) and pPT504 (EgWS) plasmids were

transformed into yeast (Saccharomyces cerevisiae)

strain H1246 (MATa; are1-D::HIS3 are2-D::LEU2 dga1-

D::KanMX4 lro1-D::TRP1 ADE2) [26] using S.c. Easy-

CompTM transformation kit (Invitrogen). Yeast strains

transformed with pPT515 (EgFAR), pPT504 (EgWS),

pPT516 (EgFAR ? EgWS), pESC-URA or pYES2.1 plas-

mids were grown at 30 �C for 2 days in 10 ml of the

synthetic dropout medium containing 0.17% (w/v) yeast

nitrogen base, 0.5% (w/v) ammonium sulfate, 2% (w/v)

glucose and 0.06% (w/v) dropout supplement lacking

uracil (DOB ? GLU-URA). After two washes with 10 ml

of sterile distilled water, the expression of transgene in

yeast were induced by culturing the yeast at 20 �C for

4 days for pPT515 (EgFAR) and 30 �C for 2 days for

pPT504 (EgWS) in 10 ml of the synthetic dropout medium

containing 2% (w/v) galactose (DOB ? GAL-URA) with

or without substrate supplementation in the presence of

0.1% (v/v) tergitol (Nonidet P-40). Two-hundred fifty

micromolar of fatty acid was used as a substrate for the

pPT515 (EgFAR) expression, whereas 250 lM of fatty

acid and 250 lM of fatty alcohol were used as substrates

for the pPT504 (EgWS) expression. After induction, the

cultures were washed once with 10 ml of 1% (v/v) tergitol

and once with 10 ml of distilled water, and then subjected

to fatty acid analysis. For the yeast feeding experiment,

fatty acid and fatty alcohol substrates were initially pre-

pared as stock solutions in ethanol at the concentration of

500 mM and the appropriate amount of the stock was then

diluted in 10% tergitol at the final concentration of 50 mM

used for feeding the yeast.

In Vitro Assays of EgFAR and EgWS

To investigate substrate specificity of EgFAR and EgWS in

vitro, the microsomal fractions of yeast expressing EgFAR

and EgWS were prepared as previously described [27, 28].

For the EgFAR assay, the enzyme reaction (500 ll) con-

tained 200 lg of microsomal proteins, 0.3 M sucrose, 0.1 M

MOPS (pH 6.5) or 0.1 M Tris–HCl, (pH 7.4), 1 mM EDTA,

2.5 mM DTT, 5 mM MgCl2, 1 mM PMSF, 100 lM acyl-

CoA, 2.5 mM NADH, 2.5 mM NADPH. The reaction was

carried out at 30 �C with gentle shaking for 30 min to 2 h.

For the EgWS assay, the same amount of protein and the

reaction buffer (pH 7.4) were used. One-hundred micro-

molar of acyl-CoA and 100 lM fatty alcohol were added as

substrates. The reaction was carried out at 30 �C with gentle

shaking for 2 h. The enzyme reactions were terminated by

addition of 100 ll of 6 M HCl. After adding 1 ml of phos-

phate buffered saline and 1 ml of 0.9% (w/v) NaCl solution,

lipids were extracted twice with 2 ml hexane. The known

amount of methyl eicosanoate (20:0-ME) was added as the

internal standard. The solvent was subsequently removed

under a nitrogen stream and the lipid samples were resus-

pended in 20 ll of hexane, which was derivatized with

bis(trimethylsilyl)-acetamide (TMS) and analyzed by GC

for the EgFAR assay or was directly analyzed by GC for the

EgWS assay (see below). Acyl-CoA stock solutions were

prepared in 10 mM sodium acetate buffer (pH5.2)/ethanol

(1:1, v/v) at a concentration of 50 mM.

Co-Expression of EgFAR and EgWS in Yeast

To reconstitute the Euglena wax biosynthesis pathway in

yeast, the plasmid pPT516 harboring the two-gene cassette

(EgFAR and EgWS) was transformed into the yeast strain

H1246. The transformants were grown in the DOB ?

GLU-URA medium at 30 �C for 2 days and the expression

of EgFAR and EgWS was induced in the DOB ? GAL-

URA medium supplemented with 500 lM 14:0 in the

presence of 0.1% (v/v) tergitol at 20 �C for 4 days. The

yeast cells were harvested and analyzed for fatty alcohol

and wax monoester production as described above.

Analysis of Fatty Acids, Fatty Alcohols and Wax Esters

of Yeast Transformants

Fatty acids of yeast cells were transmethylated with 2 ml of

methanol/HCl (3 M) at 80 �C for 2 h and the reaction was

terminated by adding 1 ml of 0.9% NaCl solution. Total

fatty acid methyl esters (FAMEs) and fatty alcohols were
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then extracted twice with 2 ml of hexane and the hexane

phase was transferred to a new tube, evaporated under a

nitrogen stream and resuspended in 200 ll of hexane. Fifty

microliters of samples were derivatized with 50 ll of TMS/

pyridine (1:1, v/v) at 80 �C for 30 min and the derivative

was analyzed by gas chromatography (GC). For wax ester

analysis, the total lipid was extracted by homogenizing

yeast cells in the presence of 6 ml of chloroform/methanol

(2:1, v/v). The organic phase was dried under a stream of

nitrogen gas, resuspended in 50 ll of hexane and analyzed

by GC, GC–mass spectrophotometry (MS) and thin layer

chromatography (TLC).

GC, GC–MS and TLC Analysis

Fatty acids (10:0, 12:0, 14:0, 16:0, 16:1n-9, 18:0, and

18:1n-9), fatty alcohols (10:0Alc, 12:0Alc, 14:0Alc,

16:0Alc, 16:1n-9Alc, 18:0Alc and 18:1n-9Alc), wax esters

(14:0–12:0, 14:0–14:0, 14:0–16:0, 14:0–16:1n-9, 14:0–

18:0, 14:0–18:1n-9, 12:0–14:0, 16:0–14:0, 16:1n-9–14:0,

18:0–14:0, 18:1n-9–14:0) and TLC reference standard

(cholesterol, cholesteryl oleate, triolein, oleic acid, methyl

oleate) with 99% purity were purchased from Nuchek-

Prep, Inc. For GC analysis, one-microliter samples were

analyzed on an Agilent 6890 N GC equipped with a DB-5

column (10 m 9 0.25 mm) (J&W Scientific). The fol-

lowing temperature programs were employed: 70 �C for

1 min, then 10 �C/min to 300 �C, and 300 �C for 10 min

with H2 as the carrier gas. For MS analysis, the mass

selective detector was run under standard electron impact

conditions (70 eV), scanning an effective m/z range of

40–700 at 2.26 scans/s. Identities of FAMEs, fatty alco-

hols-TMS derivatives and wax esters were identified by

comparing their retention times with those of the standards

and confirmed by GC–MS on the basis of their fragmen-

tation patterns. For TLC analysis, total lipid samples and

standards were spotted on 60-Å silica gel SIL G-25 plates

(Macherey–Nagel) and resolved in hexane/diethylether/

acetic acid (90:7.5:1, v/v/v) [21]. The plate was air-dried

and the lipid metabolites were detected by primuline

spraying (0.05% w/v; Sigma) and the pictures were taken

under UV light at 254 nm.

Results

Isolation of Two cDNAs Encoding Putative Fatty

acyl-CoA Reductase and Wax Synthase

from E. gracilis

The partial cDNA sequences of Euglena putative fatty

acyl-CoA reductase EgFAR and wax synthase EgWS were

obtained by a homology search of the Euglena EST

database using jojoba ScFAR and ScWS as query

sequences and the full-length putative EgFAR and EgWS

cDNAs were obtained by 50- and 30-RACE using Euglena

cDNAs as the template. Sequence analysis indicated

putative EgFAR encodes a polypeptide of 514 amino acids

in length with the predicted molecular mass of 56.5 kDa.

The deduced protein EgFAR contains a Rossmann-fold

NAD/NADP binding domain (NABD; 289 amino acids)

[29] linked with a Male Sterile 2 domain (MS2, 97 amino

acids) [30] at the carboxyl end (Fig. 1a). A conserved

motif (I/V/F)-X-(I/L/V)-T-G-X-T-G-F-L-(G/A), found in

other fatty acyl-CoA reductases, was also observed in the

NABD domain of EgFAR (Fig. 1b). The hydropathy

analysis indicated that the putative EgFAR contains five

high hydrophobic regions; one located at the N-terminus

and the rest present in the central portion of the protein.

Phylogenetic analysis of the putative EgFAR and related

sequences reveals that EgFAR is more closely related to

plant fatty acyl-CoA reductases, including Arabidopsis

AtCER4 [15], wheat TaTAA1 [16] and jojoba ScFAR [31],

whereas the insect and mammalian fatty acyl-CoA reduc-

tases [10] form a distant group (Fig. 2a). Sequence anal-

ysis of the putative EgWS indicated that it encodes a

polypeptide of 368 amino acids with the predicted

molecular mass of 41.2 kDa. The deduced protein EgWS

contains six distinct hydrophobic regions. Phylogenetic

analysis of EgWS and related sequences reveals that

Euglena EgWS clusters with jojoba ScWS [18], which is

distantly related to the rest members of wax synthases,

including the mammalian WSs [17], Acinetobacter AcWS/

DGAT [20], Arabidopsis AtWSD1 [21] and petunia

PhWS1 [19] (Fig. 2b).

Rossmann-fold NABD Male Sterile 2

(a)

(b)

MmFAR1 (13) ILLTGATGFLG (23)
HsFAR1 (13) VLLTGATGFLG (23)
BmFAR (23) VFITGATGFLG (33)
EgFAR (10) VFLTGVTGFVG (19)

TaTAA1 (19) ILITGSTGFLG (29)
ScFAR (16) ILVTGATGSLA (26)

AtCER4 (19) ILVVGAAGFLA (29)

I
V
F

X TGXTGFL
I
L
V

G
AConserved motif

NH 2 COOH

100

29810 395 491

Fig. 1 A schematic diagram illustrating the functional domains (a)

and a conserved motif (b) of EgFAR and other related sequences. The

numbers indicate amino acid positions. The accession numbers of

these sequences are indicated in Fig. 2

266 Lipids (2010) 45:263–273

123



Functional Analysis of EgFAR and EgWS in Yeast

To determine the function of putative EgFAR and EgWS,

the full-length cDNAs were cloned into the yeast expres-

sion vectors separately and the recombinant plasmids were

transformed into the Saccharomyces cerevisiae quadruple

mutant strain H1246 [26], in which four acyltransferase

genes involved in the triacylglycerol (TAG) and sterol ester

biosynthesis were disrupted. This strain appeared to have

diminished capacity for wax ester biosynthesis (Fig. 3b),

thus can serve as a good host system to examine the

function of genes involved in the biosynthesis of wax

esters.

The activity of the putative Euglena fatty acyl-CoA

reductase was investigated by feeding the yeast strain

carrying EgFAR with a variety of probable fatty acid

substrates. Analysis of total fatty alcohols in the cells

indicated that the transformant expressing EgFAR pro-

duced new peaks only when myristic acid (14:0) and pal-

mitic acid (16:0) were used as substrates, compared with

the vector control (Fig. 3a). The chemical structures of

these new peaks were determined as myristyl alcohol

(14:0Alc) and palmityl alcohol (16:0Alc) by GC–MS. The

conversion efficiencies of the two alcohols were 34 ± 4

and 24 ± 3%, respectively. No other alcohol products were

detected when the yeast strain was fed with other saturated

fatty acids (10:0, 12:0 and 18:0) or unsaturated fatty acids

(16:1n-9, 18:1n-9 and 18:2n-6). A similar result was

obtained when EgFAR was expressed in yeast strain

INVSc.

The activity of the putative EgWS was investigated by

feeding the yeast strain expressing EgWS with 14:0 and

14:0Alc substrates. The total neutral lipids including tria-

cylglycerols and wax esters in the transformant were first

analyzed by TLC. In contrast to the vector control, the yeast

expressing EgWS produced wax esters in presence of 14:0

and 14:0Alc that were detected on the TLC plate (Fig. 3b).

Like the control, the transformant expressing EgWS did not

produce any triacylglycerols, indicating EgWS possess wax

synthase activity, but not diacylglycerol acyltransferase

activity as seen in bacterial WS/DGAT [32]. Wax compo-

sition analysis by GC and GC–MS indicated that the major

components of wax esters produced in the transformant

were myristyl myristate (14:0–14:0), myristyl palmitate

(14:0–16:0) and myristyl pamitoleate (14:0–16:1) (Fig. 3c).

It was also noted that the vector control could produce a

trace amount of myristyl myristate (14:0–14:0) when the

yeast was fed with substrates (Fig. 3b, c).

To examine the fatty acid substrate specificity of EgWS,

the yeast strain was fed with 14:0Alc in combination with a

range of fatty acids including 10:0, 12:0, 14:0, 16:0, 16:1n-

9,18:0, and 18:1n-9. The wax analysis showed that EgWS

could incorporate 12:0, 14:0, 16:0 and 16:1–9 fatty acids

into wax esters, but it could not use 10:0, 18:0 or 18:1n-9 as

the substrate. Quantitative analysis of the ratio of products

versus substrates indicated that the highest conversion

efficiency of fatty acids was observed on 14:0, which was

followed by 12:0, 16:0 and 16:1n-9 (Table 1). In order to

examine fatty alcohol substrate specificity, the yeast strain

was fed with 14:0, the most preferred acyl-CoA substrate

for EgWS in combination with a range of fatty alcohols

including 10:0Alc, 12:0Alc, 14:0Alc, 16:0Alc, 16:1n-9Alc,

18:0Alc and 18:1n-9Alc. Wax analysis indicated that

EgWS could utilize 12:0Alc, 14:0Alc, 16:0Alc and 16:1n-

9Alc fatty alcohols, but not 10:0Alc, 18:0Alc and 18:1n-

9Alc as the substrates. The preferred fatty alcohol was

16:1n-9Alc, which was followed by 14:0Alc, 12:0Alc and

16:0Alc (Table 1).

silkmoth BmFAR

borer moth OsFARXIII

mouse MmFAR1

human HsFAR1

Euglena EgFAR

wheat TaTAA1a

jojoba ScFAR

Arabidopsis AtCER4
96

100

100

100

100

72

Acinetobacter AcWS/DGAT

petunia PhWS1

Arabidopsis AtWSD1

human HsWS

mouse MmWS

Euglena EgWS

jojoba ScWS

100

43

99

100

100

(a) (b)

Fig. 2 Phylogenetic analysis of EgFAR (a) and EgWS (b) and their

related sequences. The GenBank accession numbers of the sequences are

as follows: mouse MmFAR1, BC007178; mouse MmFAR2, BC055759;

human HsFAR1, AY600449; human HsFAR2, BC022267; silkmoth

BmFAR, AB104896; borer moth OsFARXIII, EU817405; wheat FAR

(TaTAA1a), AJ459249; jojoba ScFAR, AF149917; Arabidopsis
AtCER4, AY070065-At4g33790; mouse MmWS, AY611032; human

HsWS, AY605053; Arabidopsis AtWSD1, NM_123089-AT5G37300;

Acinetobacter AcWS/DGAT, AF529086; jojoba ScWS, AF149919;

petunia PhWS1, DQ093641
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Fig. 3 Activity of EgFAR (a)

and EgWS (b, c) in yeast. a GC

analysis of fatty acid methyl

esters and fatty alcohol TMS

ethers prepared from the yeast

transformed with the pESC-

URA vector control or EgFAR.

b TLC analysis of the total lipid

of the yeast transformed with

the pYES2.1 vector control

(lanes 5 and 6) or EgWS (lanes
7 and 8) in the absence (lanes 5
and 7) and presence (lane 6 and

8) of substrates (14:0 and

14:0Alc). Lane 1–4, 9 are

standards: DAG diacylglycerol,

TAG triacylglycerol (c) GC

analysis of the total lipid

prepared from yeast

transformed with EgWS or the

pYES2.1 vector control and fed

with 14:0 and 14:0Alc

substrates
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To study the substrate specificity of EgFAR and EgWS

in vitro, the microsomal fractions of yeast expressing Eg-

FAR or EgWS were incubated with a series of fatty acids or

fatty acid and alcohol combinations. However, only small

activity of wax ester synthesis was detected in the in vitro

assay of EgWS, which was basically in agreement with the

result from the in vivo experiment. Furthermore, we could

not detect any fatty acyl-CoA reductase activity in the in

vitro assay of EgFAR with all possible substrates. The

reason why the in vitro EgWS and EgFAR activities in

yeast were low is unknown. It is noteworthy that so far only

three reports have described the in vitro fatty acyl-CoA

reductase and wax synthase activities in heterologous

systems, including mammalian FARs and WSs in the

HEK293 human cell line [10, 17] and Acinetobacter WS/

DGAT in E. coli [20]. The difficulty in the yeast in vitro

assays of EgFARs and EgWSs might be related to the

nature of this type of enzymes or simply the low activities

of the two enzymes in yeast.

Reconstitution of the Euglena Wax Biosynthetic

Pathway in Yeast

To reconstitute the Euglena wax biosynthetic pathway in

yeast, EgFAR and EgWS were cloned into a yeast expres-

sion vector, pESC-URA, in which the expression of EgFAR

and EgWS were driven by GAL1 and GAL10 inducible

promoters, respectively. The recombinant plasmid was then

transformed into the yeast strain H1246 and the transfor-

mants were grown in the selective medium supplemented

with 14:0, a common preferred substrate for both EgFAR

and EgWS. Wax ester analysis indicated that the co-

expressing yeast, like the EgFAR-expressing yeast, could

convert 14:0 and 16:0 to 14:0Alc and 16:0Alc, respectively

(Fig. 4). In addition, the co-expressing yeast produced three

new wax ester peaks which were not detected in either

EgFAR-expressing yeast or vector control yeast. Identities

of these peaks were determined by comparing their reten-

tion times and mass spectra to those of standards. Peak 1

had the identical retention time and mass spectrum to

Table 1 Substrate specificity of EgWS for fatty acids and fatty

alcohols

Substrate Conversion efficiency (%)

Fatty acid Fatty alcohol

12:0 37 ± 8 21 ± 2

14:0 47 ± 4 47 ± 6

16:0 31 ± 1 25 ± 2

16:1n-9 33 ± 3 68 ± 5

18:0 n.d. n.d.

18:1n-9 n.d. n.d.

The transformant yeast was fed with 14:0Alc in combination with

different fatty acids to examine the fatty acid specificity and fed with

14:0 in combination with different fatty alcohols to examine the fatty

alcohol specificity. The conversion efficiencies (%) of wax esters

were calculated as [(product)/(substrate ? product)] 9 100 using the

values corresponding to the weight percent of fatty alcohol substrates

and the wax ester products inside the yeast cells. The values are the

average derived from triplicates ± standard deviation (SD)

n.d. not detected
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Fig. 4 Co-expression of EgFAR and EgWS in yeast. GC analysis of

the total lipid showing wax ester production prepared from yeast

transformed with pESC-URA (empty vector), EgFAR and EgFAR-

EgWS and fed with 14:0 substrate. Peak 1 myristyl-myristate (14:0–

14:0), Peak 2 myristyl-palmitoleate (14:0–16:1), Peak 3 myristyl

palmitate (14:0–16:0) and palmityl myristate (16:0–14:0). Selected

regions of the chromatograms of control, EgFAR and EgFAR-EgWS
expressing yeast are magnified in boxes A, B and C, respectively
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myristyl myristate (14:0–14:0) which accounted for *23%

of total wax esters (Fig. 5a) while peak 2 had the identical

retention time and mass spectrum to myristyl palmitoleate

(14:0–16:1) (Fig. 5b) which accounted for *22% of total

wax esters. Peak 3 appeared to contain two wax ester

products, myristyl palmitate (14:0–16:0) and palmityl

myristate (16:0–14:0) together they accounted for *55% of

total wax esters. GC and GC–MS analysis showed that it

had the same retention time as myristyl palmitate (14:0–

16:0) and palmityl myristate (16:0–14:0) and possessed the

mass spectrum (Fig. 5c) with diagnostic ions representing

the mass spectra of both myristyl palmitate (14:0–16:0)

(Fig. 5d) and palmityl myristate (16:0–14:0) (Fig. 5e).

Based on the abundance of the diagnostic fragments and the

relative response factors of 14:0–16:0 (m/z 257) and 16:0–

14:0 (m/z 229), peak 3 contained *58% of 14:0–16:0 and

*41% of 16:0–14:0. Collectively, these results indicated

that EgWS in the co-expressing yeast could esterify 14:0Alc

and 16:0Alc produced by EgFAR with 14:0, 16:0 and

16:1n-9 fatty acids, producing medium chain wax esters,

myristyl myristate (14:0–14:0), myristyl palmitate (14:0–

16:0), myristyl palmitoleate (14:0–16:1) and palmityl

myristate (16:0–14:0).

Discussion

The biosynthesis of wax esters comprises two consecutive

catalytic steps, reduction of fatty acyl-CoA to fatty alcohol

and subsequent esterification of fatty acyl-CoA and fatty
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alcohol. The reduction of fatty acid to fatty alcohol occurs

through aldehyde intermediate and is catalyzed by either

one or two enzyme reactions. In the two-enzyme reaction,

acyl-CoA reductase first converts the fatty acyl-CoA to

aldehyde and then the aldehyde reductase catalyzes the

reduction of the aldehyde to alcohol. Evidence supporting

the two-step reaction came from the early identification of

aldehyde reductase from Brassica oleracea [33] and the

recent isolation of the acyl-CoA reductase gene from

Acinetobacter, catalyzing the production of fatty aldehyde

[34]. However, support for the existence of the two-enzyme

reduction is scarce in eukaryotes. In fact, a single enzyme

reaction for the fatty acid reduction appears to occur widely

in nature where the FAR catalyzes reduction of fatty acyl-

CoA to fatty alcohol directly, although aldehyde interme-

diates could be detected by indirect trapping assays [23].

This type of fatty acyl-CoA reductases has been identified

from jojoba cotyledon, pea leaves [23, 35, 36] and many

others [37–39], including the one we describe here from

Euglena.

Although E. gracilis has long been known to accumulate

a large amount of medium-chain wax esters under dark and

anaerobic growth conditions, the genes involved in the

biosynthesis of these wax esters have yet to be identified. In

this study, we report the isolation and characterization of

two cDNAs, EgFAR and EgWS, from E. gracilis encoding

two enzymes involved in the biosynthesis of medium chain

wax esters. The pairwise sequence comparison of EgFAR

and previously identified FARs revealed that EgFAR

shares low amino acid identity with other FARs (23–

27.4%). Functional analysis of EgFAR in yeast indicated

that it could effectively convert 14:0 and 16:0 fatty acids to

their corresponding alcohols. Compared with other bio-

chemically characterized FARs, EgFAR possesses a nar-

rower substrate range, only using saturated fatty acids with

14 and 16 carbon chains as substrates with the preferred

fatty acid being 14:0 when expressed in yeast.

The pairwise sequence comparison of EgWS and related

wax synthases revealed that EgWS also shares low amino

acid identity to its related enzymes (in the range of 13–

27%). It was noted that EgWS does not contain an

N-terminal domain with the proposed active site

(HHXXXD) found in Acinetobacter AcWS/DGAT [20],

Arabidopsis AtWSD1 [21] and petunia PhWS1 [19]. This

domain was believed to be essential for their acyl-CoA

acyltransferase activities for the synthesis of wax esters and

TAGs [20]. It will be interesting to know how EgWS

functions without this domain. To date, three wax synthases

including EgWS we report here have been functionally

characterized in yeast. AtWSD1 mainly synthesizes wax

esters with 16:0 fatty acid and 18:0Alc, 24:0Alc and

28:0Alc alcohols, and PhWS1 produces wax esters with

very long chain fatty acids and methyl, isoamyl short to

medium chain alcohols (4–12 carbons), whereas EgWS

prefers 14 carbon chain fatty acid as the substrate.

Wax esters consisting of medium chain saturated fatty

alcohols are sporadically found in animals and microor-

ganisms [40–43]. E. gracilis can accumulate up to 28 or 62%

of the total lipid as wax esters when grown in aerobic or

anaerobic conditions [3] and the major molecular species of

the wax esters accumulated is myristyl myristate [4, 6].

Functional expression of EgFAR and EgWS separately in

yeast revealed that both enzymes could use 14 and 16 fatty

acid substrates and the co-expression of EgFAR and EgWS

in yeast resulted in production of medium-chain wax esters.

These results are consistent with the composition of wax

esters naturally present in Euglena, suggesting an important

role of EgFAR and EgWS in synthesizing the wax esters in

Euglena. EgFAR and EgWS were identified by the homology

search of an EST database using jojoba ScFAR and ScWS as

query sequences and only one EST of each EgFAR and

EgWS was found in the database. However, it could not be

excluded that there are additional genes involved in the

biosynthesis of medium-chain wax esters in Euglena that

were not present in the EST database. It should also be noted

that Euglena can accumulate unsaturated fatty acid (e.g.

18:1n-9) wax esters when the culture medium is supple-

mented with such fatty acid [6]. Although we have not

observed any activity of EgFAR and EgWS towards 18:1n-9

when they were expressed in yeast, this should not exclude

the possibility that the difference of the cellular micro-

environment between the native host and yeast could have

effect on the substrate specificity of the enzymes. Alterna-

tively, there might be additional FARs and WSs present in

Euglena that can utilize unsaturated fatty acids as substrates.

Medium- and long-chain wax esters have been widely

used in food, pharmaceuticals, textiles, perfumes and fla-

voring. They can also be used in the production of fatty

sulfate salts and alcohol ethoxylates in the detergent

industry. The current supply of wax from natural sources is

limited due to the high production cost and cannot meet the

growing demand for its widespread uses. Metabolic engi-

neering of oilseed plants to produce wax esters has been

viewed as an attractive alternative to provide cost-effective

sources for biological wax. The first attempt of wax met-

abolic engineering in plants was undertaken by expressing

jojoba ScFAR and ScWS, along with Lunaria annua

b-ketoacyl-CoA synthase (a component of fatty acid

elongase) resulting in the production of very long chain

wax esters in Brassica napus seeds [18]. Here, we describe

two genes EgFAR and EgWS from Euglena encoding fatty

acyl-CoA reductase and wax synthase that have a substrate

preference towards medium chain substrates. It will be

interesting to see how these genes perform in the produc-

tion of industrially important medium-chain wax esters in

oil seed crops.
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Abstract Fetal bovine serum (FBS) is an important factor

in the culture of Trypanosoma cruzi, since this parasite

obtains and metabolizes fatty acids (FAs) from the culture

medium, and changes in FBS concentration reduce the

degree of unsaturation of FAs in phosphoinositides. When

T. cruzi epimastigotes were cultured with 5% instead of

10% FBS, and stearic acid was used as the substrate, D9

desaturase activity decreased by 50%. Apparent Km and Vm

values for stearic acid, determined from Lineaweaver–Burk

plots, were 2 lM and 219 pmol/min/mg of protein,

respectively. In studies of the requirement for reduced

pyridine nucleotide, D9 desaturase activity reached a

maximum with 8 lM NADH and then remained constant;

the apparent Km and Vm were 4.3 lM and 46.8 pmol/min/

mg of protein, respectively. The effect of FBS was

observed only for D9 desaturase activity; D12 desaturase

activity was not affected. The results suggest that decreased

FBS in culture medium is a signal that modulates D9

desaturase activity in T. cruzi epimastigotes.

Keywords Trypanosoma cruzi � D9 Desaturase �
D12 Desaturase � Fetal bovine serum

Abbreviations

ATP Adenosine triphosphate

FBS Fetal bovine serum

EDTA Ethylenediaminetetraacetic acid

FAME Fatty acid methyl esters

FFA Free fatty acid

FAs Fatty acids

HPLC High performance liquid chromatography

HEPES (4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic acid

NADH Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate

NL Neutral lipid

PL Phospholipid

PMSF Phenylmethylsulphonyl fluoride

PUFAs Polyunsaturated fatty acids

PC Phosphatidylcholine

SEM Standard error of the mean

TLC Thin layer chromatography

Introduction

Protozoan parasites often encounter unpredictable changes

in their environment. Modification of their membrane lipid

composition helps maintain the biophysical properties for

optimal membrane function, allowing them to cope with

environmental changes [1, 2]. Trypanosoma cruzi, the eti-

ological agent of Chagas’ disease, is an intracellular pro-

tozoan that undergoes a complex life cycle between a

hematophagous insect vector, Triatoma infestans, and a

mammalian host. In the intestinal tract of the vector, the

replicative non-infectious epimastigotes differentiate to the

infectious non-dividing metacyclic forms, a process

denominated metacyclogenesis.

It is well known that differentiation of these parasites

involves changes in the shape of the cell; consequently the

membrane fluidity might be essential for trypanosome
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transmission. In T. cruzi, it has been demonstrated that the

oleic acid present in the intestinal extracts of T. infestans

induce cell differentiation of T. cruzi epimastigotes into the

infective metacyclic form [3]. As part of a strategy for

surviving in these different environmental conditions,

T. cruzi adjusts the balance between saturated and unsat-

urated fatty acids (FAs) in certain membrane lipids [4, 5].

Desaturases are key enzymes in FA metabolism required to

regulate physical and biochemical properties of membranes

[6]. Desaturases are present in most living cells, and play

critical roles in the biosynthesis of polyunsaturated fatty

acids (PUFAs). PUFAs serve as precursors of biologically

active molecules involved in the activation of a variety of

signalling mechanisms that affect cellular functions [7].

The endoplasmic reticulum contains membrane-bound

enzymes that remove two hydrogen atoms from the ali-

phatic chain of a FA to produce a cis double bond [8]. D9

Desaturase is of particular interest since FAs that contain a

double bond at the central C9–C10 position have a maxi-

mal disordering effect on membrane physical properties

[9]. Since FAs are the main constituents of membrane

glycerolipids, modulation of the number and position of

double bonds in acyl chains by individual FA desaturases

helps maintain the proper dynamic state of the membrane

bilayer during environmental impacts [10]. Temperature

changes have been shown to modulate the ratio of saturated

to unsaturated FAs in T. cruzi [5]. The concentration of

fetal bovine serum (FBS) in the culture medium also

affects the degree of unsaturation. When the FBS con-

centration in the culture medium is reduced from 10 to 5%,

the proportion of linoleic acid in phosphoinositides

decreases [4], suggesting that desaturase activity may be

modulated by FBS concentration.

We showed previously that the ratio of unsaturated to

saturated FAs increases with growth in culture, as indicated

by an increased percentage of linoleic acid (18:2), and that

carbamoylcholine increases [14C] labelling of triacylgly-

cerols and diacylglycerols [11]. These findings indicate that

unsaturated FAs are important factors during parasite aging

and response to environmental stimuli. Initial studies from

our laboratory demonstrated de novo biosynthesis of pal-

mitic acid in T. cruzi [12], and we showed later that

epimastigotes of T. cruzi are able to incorporate and

metabolize exogenous FAs; palmitic acid is elongated to

stearic acid and then desaturated to oleic acid and linoleic

acid. These data support the existence of D9 and D12

desaturases [12, 13]. Molecular characterization of oleate

desaturase was conducted in T. brucei by Petrini et al.

[14], using heterologous expression, and in T. cruzi by

Maldonado et al. [15].

Genomic analysis of trypanosomatids revealed the

presence of front-end desaturase genes, tentatively desig-

nated as D8D5D6 desaturases for Leishmania major and D6

for T. brucei and T. cruzi, on the basis of sequence simi-

larity. The desaturases were later characterized as D6D5D4

for L. major, while only D4 is present in Trypanosoma.

Functional predictions are never conclusive for desaturas-

es; i.e., biochemical characterization is essential for correct

assignment of enzyme regioselectivities [16]. Study of

biochemical properties of a parasite’s desaturases helps

provide insight into their role in parasite response to

environmental conditions. Since T. cruzi is able to sense

changes in FBS concentration, and consequently modulate

the degree of unsaturation of phosphoinositide FAs, we

used FBS concentration change as a tool to elucidate D9

and D12 desaturase activities. Reduction of FBS concen-

tration in the parasite culture medium decreased D9

desaturase activity by 50%. Therefore we suggest that the

D9 desaturase activity would play a possible role as a

regulator of oleic acid level and could be implied in the

regulation of membrane fluidity necessary for parasite

transmission. Partial biochemical characterization of

T. cruzi D9 and D12 desaturases using subcellular fractions

and radioactive FAs is also described.

Experimental Procedure

Materials

Solvents were either analytical or HPLC grade. Lipid

standards were from Sigma Chemical Co. (St Louis, MO,

USA). Culture media were from Merck (Germany) or

Difco (USA). FBS was from Natocor (Argentina).

Parasite Strain and Growth Conditions

The Tulahuen strain of T. cruzi was used. Epimastigote

forms were grown at 28 �C in modified Warren’s medium

[17] as described by Racagni et al. [18]. The medium was

supplemented with 5 or 10% FBS and 1,000,000 U peni-

cillin per 4 9 107 parasites. Cells in the logarithmic growth

phase (5 days old) were harvested by centrifugation at

4,500g for 10 min. The weight of harvested cells and the

number of mobile cells per mL culture medium was

measured.

Enzyme Extraction

Cells were weighed, frozen at -180 �C and thawed

three times. Broken cells were homogenized 1:5 (w/v) in

50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES), pH 7.4 containing 0.25 M sucrose, 5 mM

KCl, 1 mM ethylenediaminetetraacetic acid (EDTA), and

protease inhibitors (1 lg/mL leupeptin, 1 mM phenylm-

ethylsulphonyl fluoride (PMSF), 1 lg/mL aprotinin). The
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homogenate was centrifuged using three sedimentation

steps: 1,000g for 10 min, 25,000g for 12 min, and

105,000g for 60 min. Supernatants of 25,000g, and

105,000g, and the pellet of the 105,000g centrifugation,

were used for determination of desaturase activity.

Enzymatic Assays

D9 desaturation of [1-14C]palmitic acid or [1-14C]stearic

acid was estimated in subcellular fractions of T. cruzi by

measuring the formation of [1-14C]palmitoleic acid or

[1-14C]oleic acid, respectively. The reaction mixture con-

sisted of 41.7 mM potassium phosphate buffer (pH 7.4),

0.25 M sucrose, 0.15 M KCl, 41.7 mM NaF, 5 mM

MgCl2, 1.6 mM N-acetyl-cysteine, 60 lM CoA (sodium

salt), 1.3 mM adenosine triphosphate (ATP), 0.87 mM

nicotinamide adenine dinucleotide (NADH), 3.1 lM of

[1-14C] palmitic or stearic acid, and 0.2 mg microsomal

protein, in a total volume of 750 lL [19]. For determina-

tion of D12 desaturase activity, [1-14C]oleic acid as sub-

strate and 0.8 mg protein were used. After 1 min

preincubation at 37 �C, the reaction was initiated by

addition of microsomal protein, and mixtures were incu-

bated in open tubes for 15, 5, or 25 min, respectively, for

stearic, palmitic, or oleic acid as substrate. The desatura-

tion reaction was stopped by:

(a) 10% KOH in ethanol, followed by saponification at

80 �C for 45 min under N2 atmosphere. The unsapo-

nified fraction was extracted twice with 2 mL petro-

leum hydrocarbon (b.p. 30–60 �C), and discarded.

After acidification with HCl, FAs were extracted three

times with petroleum hydrocarbon, solvent was

evaporated under N2, and FAs were dissolved in

50 lL petroleum hydrocarbon. Finally, FAs were

separated on thin layer chromatography (TLC) plates

of silica gel G impregnated with 4% AgNO3 (w/v),

using toluene as solvent.

(b) Alternatively, the enzyme reaction was stopped by the

addition of an appropriate volume of chloroform/

methanol (2:1, by vol) [20] if phospholipids (PL)

were to be isolated. The lower phase was dried down

under stream of nitrogen and PL were isolated from

this total lipid extract by TLC.

Lipid Extraction

Total lipids were extracted from washed parasites by the

acidified extraction procedure of Bligh and Dyer [20], and

0.1 M KCl in 50% methanol was added to obtain a lower

chloroform phase and an upper phase. The lower phase,

containing lipids, was washed once with KCl solution,

dried under N2, and dissolved in an appropriate volume of

chloroform/methanol (2:1, by vol).

Processing of Radioactive Samples

Separation and Analysis of PL and Neutral Lipids

Aliquots of the total lipid extracts were subjected to TLC to

separate the total PL fraction from the neutral lipid (NL),

using hexane/ethyl ether/acetic acid (80:20:1, by vol) as

solvent. Following TLC, lipids were located by exposing

the plates either to iodine vapour (for radioactivity analy-

sis), or to UV light after spraying with 2,70dichlorofluo-

rescein in methanol (for further analysis of FAs).

Separation and Analysis of Labelled Fatty Acids

from Lipids

Fatty acid methyl esters (FAME) were prepared from the

lipid fractions separated by TLC with 10% BF3 in metha-

nol [21], or from FAs saponified with 10% KOH in ethanol.

Labelled FAME were resolved according to their degree of

unsaturation on TLC plates of silica gel G impregnated

with 4% AgNO3 (w/v), using toluene as solvent. FAME

bands were located under UV light after spraying the plates

with dichlorofluorescein, eluted [22], and evaporated to

dryness at 35 �C, in counting vials. Then, 3 mL of Opti-

phase Hisafe 2 (PerkinElmer, USA), liquid scintillant was

added to each vial, and the radioactivity was measured

using a liquid scintillation counter (Beckman LS 60001 C,

USA) [23].

Analysis of FBS Fatty Acids

Aliquots of FBS total lipids were subjected to methanolysis

as described for labelled samples, in order to prepare

FAME from FAs. BF3 in methanol was added to lipids

previously evaporated to dryness in screw-cap tubes.

Tubes were added with N2, sealed, and kept overnight at

45 �C. The resulting FAME were purified by TLC using

hexane/diethyl ether (95:5, by vol), on plates of silica gel

G pre-washed with methanol/diethyl ether (75:25, by vol).

FAME were recovered from the silica support by agitation

with water/methanol/hexane (1:1:1, by vol), followed by

centrifugation, hexane extraction was repeated three

times. FA analysis was performed using a Varian 3700

gas chromatograph equipped with two glass columns

(2 m 9 2 mm) packed with 15% SP 2330 on Chromosorb

WAW 100/120 (Supelco Inc., Bellefonte, PA) and two

flame ionization detectors. The column oven temperature

was programmed from 155 to 230 �C at a rate of

5 �C/min. Injector and detector temperatures were 220
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and 230 �C, respectively; the carrier gas was N2 with a

flow rate 30 mL/min.

Statistical Analysis

Results are shown as the means ± SEM for at least three

independent experiments. Statistical analysis of data was

carried out using Origin Pro 8 Copyright � 1991–2008.

Results

Effect of FBS on D9 and D12 Desaturase Activities

FBS is essential for culturing T. cruzi epimastigote forms.

The parasite obtains and metabolizes FAs from the culture

medium, and a decrease in FBS concentration alters the

degree of FA unsaturation of the signalling lipid [4]. In

order to test the hypothesis that FBS concentration modu-

lates desaturase activities, we first determined the FA

composition of FBS. The major FAs were palmitic acid

(16:0; 23.56%), stearic acid (18:0; 12.33%), and oleic acid

(18:1n-9; 23.92%). Arachidonic acid (20:4n-6) and other

long-chain FAs were detected in small amounts. To assess

the effect of FBS concentration on desaturase activities,

parasites were cultured with 5 or 10% FBS (control). 5%

FBS decreased D9 desaturase activity by 50% when stearic

acid was used as the substrate. The FBS concentration had

no effect on activities of D9 with palmitic acid or D12 with

oleic acid as substrates (Fig. 1). Specific activity of D9

desaturase with 5% FBS and stearic acid as substrate was

lower than that with 10% FBS, and was higher in the

105,000g pellet than in the supernatant (Table 1). The

number of parasites decreased by 30% when they were

cultured with 5% instead of 10% FBS (data not shown).

Kinetic Parameters of Desaturases

D9 Desaturase

In view of our previous finding that palmitic acid is

elongated to stearic acid and then desaturated to oleic acid

and linoleic acid when these substrates are added to

culture medium [13], we tested the possibility that both

palmitic and stearic acids are substrates of D9 desaturase.

D9 Desaturase activity increased up to 140 pmol/min/mg

of protein within a stearic acid concentration range of

2.5–3.0 lM (Fig. 2). Apparent Km and Vm values, deter-

mined from a Lineaweaver–Burk plot, corresponded to

2 lM and 219 pmol/min/mg of protein, respectively

(Fig. 2, inset). In a study of requirement for reduced

pyridine nucleotide, D9 desaturase activity reached a

maximum value with 8 lM NADH, and then remained

constant (Fig. 3). Apparent Km and Vm were 4.3 lM and

46.8 pmol/min/mg of protein (Fig. 3, inset). Reduced

coenzyme nicotinamide adenine dinucleotide phosphate

(NADPH) had the same effect as NADH; both formed

38% of oleic acid. D9 Desaturase required a shorter

incubation time when the substrate was palmitic acid;

desaturase activity increased until 5 min, and decreased at

longer times (data not shown). For palmitic acid, apparent

Km and Vm were 1.33 lM and 58.8 pmol/min/mg of

protein (data not shown).

D12 Desaturase

In view of our finding that the level of diunsaturated FAs

was altered by 5% FBS in phosphoinositides, we examined

the possibility that D12 desaturase could be responsible for

these changes and be affected by FBS. D12 Desaturase

activity as a function of substrate concentration is shown in

Fig. 4. Enzyme activity deviated from Michaelis–Menten

kinetics at oleic acid concentrations above 10 lM; how-

ever, such an effect is unlikely to occur in vivo since the

endogenous substrate concentration is much lower.

Apparent Km and Vm values determined from a Linewe-

aver–Burk plot were 1.03 lM and 2.8 pmol/min/mg of

protein (Fig. 4, inset). There was no difference between

NADPH and NADH requirements (data not shown).

Effects of Protein Concentration and Preincubation

Time on Desaturase Specific Activities

The effects of the variation in microsomal protein con-

centration on enzyme activity were tested at 3.02 lM for

stearic acid and at 2.6 lM for oleic acid. When the

Fig. 1 Effect of fetal bovine serum (FBS) concentration on T. cruzi
desaturase activities. Parasites were grown with 5 or 10% FBS and

harvested at the logarithmic phase of growth (5 days). D9 Desaturase

was determined using [1-14C]palmitic acid or [1-14C]stearic as

substrate. D12 Desaturase was assayed using [1-14C]oleic acid as

substrate. Results are expressed as percent of desaturation ± SEM,

n = 4, * P \ 0.05, t test
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microsomal protein concentration increased, D9 desaturase

activity increased linearly up to 0.2 mg, and D12 desaturase

activity increased up to 0.8 mg, beyond these protein

concentrations, a linear relationship was no longer

observed (Fig. 5a, b).

Activity of D9 desaturase required a shorter preincuba-

tion time than that of D12 desaturase. D9 desaturase activity

increased up to 15 min, and decreased thereafter (Fig. 6).

For D12 desaturase, maximum activity was observed at

35 min (data not shown). However, it is possible that

Table 1 Effect of fetal bovine serum concentration on T. cruzi desaturase activities in different fractions

Fatty acids transformation Specific activity (pmol/min/mg of protein)

Cell fractions Stearic acid Palmitic acid Oleic acid

5% FBS 10% 5% FBS 10% 5% FBS 10%

Supernatant 25,000g 65 ± 11 222 ± 37 ND ND ND ND

Supernatant 105,000g 34.8 ± 2.2 123.0 ± 7.6 ND ND ND ND

Pellet 105,000g 206 ± 10 538 ± 27 141 ± 15 155.9 ± 4.5 7.84 ± 0.94 8.82 ± 0.88

Cell fractions were obtained by differential centrifugation from T. cruzi epimastigotes grown with either 5 or 10% of FBS. Values are

means ± SEM of three separate experiments

ND not determined

Fig. 2 Effect of concentration

of substrate [1-14C]stearic acid

on T. cruzi D9 desaturase

activity. Incubation was

performed at 37 �C for 15 min.

The assay mixture is described

in ‘‘Experimental Procedure’’.

A double reciprocal plot was

constructed to obtain apparent

Km and Vm (inset). Values are

means ± SEM from three

separate experiments

Fig. 3 D9 Desaturase activity

as a function of NADH

concentration. Incubation was

performed at 37 �C for 15 min.

The assay mixture is described

in ‘‘Experimental Procedure’’.

A double reciprocal plot was

constructed to obtain apparent

Km and Vm (inset). Values are

means ± SEM from three

separate experiments
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products of non-specific elongation of oleate, linoleate, or

FA with the double bond in different positions were formed

at this time, giving rise to other desaturase activities. For

this reason, D12 desaturase activity was assayed at 25 min

in subsequent experiments.

Other Biochemical Properties of D9 Desaturase

In view of our previous finding that palmitic acid added to

the culture medium is metabolized and incorporated into

complex lipids by T. cruzi epimastigotes [13], we tested the

behavior of palmitic acid with the microsomal fraction

enzyme source.

Fig. 4 Effect of [1-14C]oleic

acid concentration on T. cruzi
D12 desaturase activity.

Incubation was performed at

37 �C for 25 min, under the

conditions described in

‘‘Experimental Procedure’’.

A double reciprocal plot was

constructed to obtain the

apparent Km and Vm (inset).
Values are mean ± SEM

obtained from three separate

experiments

Fig. 5 Effects of 105,000g pellet protein concentration on T. cruzi D9

(a) and D12 (b) desaturase activities. Protein concentration varied

from 0.05 to 0.4 mg for D9 desaturase activity, and from 0.2 to 1 mg

for D12 desaturase activity. Incubation was performed at 37 �C for

15 min and 25 min, for D9 and D12 desaturase, respectively. Reaction

conditions are described in ‘‘Experimental Procedure’’. Values are

means ± SEM of three separate experiments

Fig. 6 Effect of incubation time on desaturase activities, determined

as described in ‘‘Experimental Procedure’’. 18:0 and 18:1n-9 were

used as substrates to test D9 and D12 desaturase activity, respectively.

Values are means ± SEM of three separate experiments
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Incorporation of [1-C14]palmitic acid in lipids was

dependent on incubation time. We observed different

effects on the radioactivity detected in free fatty acid

(FFA), NL and PL fractions, especially at 2 vs. 10 min

incubation time (Table 2). The greatest radioactivity

increase in PL (from 15.5 ± 1.1 to 29.8 ± 1.8%, n = 3,

P \ 0.05) and the greatest decrease in FFA (from

63.0 ± 1.5 to 45.5 ± 1.7%, n = 3, P \ 0.05) were found

at 10 min. In the presence of reduced coenzymes, a 26%

increase in radioactivity incorporation in PL was observed

at 10 min (data not shown). FFA showed the highest

radioactivity at all times tested. Since [1-14C]palmitic acid

was incorporated in PL, the function of phosphatidylcho-

line (PC) as substrate of T. cruzi desaturases was confirmed

using 1,2 di [1-14C] palmitoylphosphatidylcholine.

Since it is possible that 1,2 di [1-14C] palmitoylpho-

sphatidylcholine is hydrolyzed before serving as a substrate

of desaturases, levels of radioactivity on complex lipids

and FFA were tested at various incubation times. Over 93%

(93.6 ± 2.2, n = 12) of total radioactivity was recovered

in PL at 30 min, indicating that hydrolysis did not occur.

After testing desaturase activity using 1,2 di [1-14C] pal-

mitoylphosphatidylcholine as substrate, FAs were saponi-

fied, FAME were obtained, and analyzed by AgNO3 TLC.

When the reaction time was 5 min, 17% of the radioac-

tivity was observed in monounsaturated FAs, and the

amount of label increased by 29.1% at 10 min. As a con-

sequence, radioactivity in saturated FAs decreased from 64

to 51% between 5 and 10 min. About 19% of radioactivity

was found in the diunsaturated FA fraction, suggesting that

1,2 di [1-14C] palmitoylphosphatidylcholine may also be a

desaturase substrate in T. cruzi.

Discussion

Our previous biochemical studies showed that the FA

composition of T. cruzi phosphoinositides is significantly

altered by decreased FBS concentrations in culture medium

[4], and that the FBS concentration is a key factor for

growth of T. cruzi epimastigote forms in culture. In the

present study, we examined the effect of FBS concentration

on D9 and D12 desaturase activities in T. cruzi epimastig-

otes, in relation to our previous findings. When stearic acid

was the substrate and the FBS concentration was lowered

from 10 to 5%, epimastigotes were able to modify D9

desaturase; consequently, oleic acid levels were also lower

than at 10% FBS. Thus, a smaller amount of substrate was

available for D12 desaturase. This could explain the

decreased level of linoleic acid in phosphoinositides we

had observed previously [4]. Modulation of desaturase

activity occurs only in the presence of FAs that serve as

substrates of the enzyme. In T. cruzi, a decrease in FBS

leads to a reduction in D9 desaturase activity, since a

decrease in the stearic acid level from FBS occurred when

the concentration was 5%. In contrast, when palmitic acid

was the substrate, FBS was not able to modify D9 desat-

urase activity. Since the palmitic acid level is twice that of

stearic acid in FBS, its variation in the culture medium may

affect D9 desaturase activity for palmitic acid to a lesser

extent. The low susceptibility of D12 desaturase to FBS

concentration suggests a significant role of this enzyme in

the synthesis of linoleic acid. Availability of oleic acid may

be responsible for the decrease in diunsaturated FAs when

parasites are cultured with 5% FBS [4].

Furthermore, since the decrease in FBS concentration

also implicates a decrease in the oleic acid level, we

alternatively considered that the oleic acid level produce by

D9 desaturase activity could also be a signal for triggering

the differentiation in the parasite [3].

Modification in the degree of unsaturation of FAs in

T. cruzi was also observed by Florin-Christensen et al. [5]

when epimastigotes were transferred from 28 to 37 �C,

reflecting a response to environmental conditions. In the

present study, desaturase activity was detected in all frac-

tions studied, indicating a complex distribution pattern as

shown for Tetrahymena pyriformis [24]. In T. cruzi epim-

astigotes, D9 desaturase showed highest specific activity in

the 105,000g pellet, similarly observed in mammals and

yeast [25–27]. Km values obtained for T. cruzi desaturases

show that the same amounts of palmitic, stearic, and oleic

acids are required for both desaturases to reach 50% of the

maximum velocity. However, once Km is reached, desat-

uration of stearic acid by D9 desaturase occurs 3.7 times

faster than for palmitic and 78 times faster than for oleic

acid by D12 desaturase. Thus, D9 desaturase is capable of

using palmitic acid CoA and stearic acid CoA in spite of

the differences in the Vm value. This is consistent with

results in mice, where four D9 desaturase isoforms capable

of using palmitic acid and stearic acid CoA were reported

[28]. Palmitic acid desaturation increased up till 5 min,

Table 2 Effect of time on incorporation of [1-14C] palmitic acid in

lipids

Time (min) Incorporation of radioactive substrate (%)

2 5 10

Lipid fractions

FFA 63.0 ± 1.5 55.6 ± 1.1 45.5 ± 1.7

NL 21.5 ± 1.9 24.8 ± 1.5 24.6 ± 0.1

PL 15.5 ± 1.1 19.5 ± 0.4 29.8 ± 1.8

Incorporation of [1-14C] palmitic acid in neutral lipids (NL) and

phospholipids (PL) was followed for 2, 5, and 10 min. Lipids were

extracted as described by Bligh and Dyer [20], and different fractions

were obtained by TLC. Values represent means ± SEM of three

independent experiments
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whereas enzyme activity increased until 15 min when

stearic acid was the substrate. These findings suggest that

desaturases use palmitic acid first, the product of de novo

synthesis in T. cruzi, and then stearic acid. These time

courses are consistent with a normal precursor–product

metabolic relationship, implying sequential synthesis.

In addition to acyl-CoA desaturases as found in animals

and fungi, FAs in plants and cyanobacteria are desaturated

by acyl-lipid desaturases [29].

The phylogenetic relationships among D4/D5 desaturases

in lower eukaryotes and D6 desaturase from cyanobacteria

were analyzed by Tripodi et al. [16]. Our results suggest

that T. cruzi can desaturate FAs esterified to a phospho-

glycerolipid, similarly to Synechococcus. In this algal

genus, the acyl-lipid D9 desaturase also uses palmitic acid

esterified to phosphoglycerides [30]. In contrast, in Syn-

echocystis, acyl-lipid D9 desaturases are specific to stearic

acid esterified at the C-1 position of a glycerolipid [29].

Both mono and diunsaturated FAs were produced when

1,2 di [1-14C] palmitoylphosphatidylcholine was used as

substrate. Desaturation by T. cruzi is comparable to the

oleic acid desaturation systems in yeast [31] and in Tet-

rahymena pyriformis [32], in that one substrate may be a

phospholipid. The Acanthamoeba castellanii desaturase, on

the other hand, uses only FAs linked to phospholipids [33].

FAD2 microsomal D12 desaturases in higher plants use FAs

esterified to a phosphoglycerolipid backbone, although the

FAD2 enzyme does not display a preference for either sn-1

or sn-2 position [25]. Biochemical characterization of D12

desaturases from insects indicates that they use acyl-CoA

substrates [34]. In T. cruzi, desaturation of stearic acid

increased up to 15 min and formation of linoleic acid from

oleic acid increased up to 35 min, at a much slower rate,

suggesting that the activities of the two enzymes are cou-

pled. Gabrielides et al. [35] obtained similar results for

Neurospora.

T. cruzi desaturases appear to be related to other

microsomal D9 and D12 desaturases, since they show

substrate requirements similar to those of microsomal

desaturases in higher plants and fungi [36, 37]. Regarding

the influence of microsomal protein concentration, the

activities of both enzymes showed the same behavior:

a breakdown in the linearity in the same concentration

range. Since either stearic acid or oleic acid was rapidly

incorporated into phospholipids, less substrate may be

available for D9 or D12 desaturation. This could explain the

observation that an increase in microsomal protein above

0.2 mg for D9 desaturase, or 0.8 mg for D12 desaturase,

produces a decrease in conversion of stearic acid to oleic

acid, or oleic acid to linoleic acid. It is possible that

incorporation of the FA substrate in microsomal lipids

competes with the desaturation reaction, as suggested by

Irazú et al. [38]. Reduced coenzymes NADH and NADPH

showed similar effects on desaturation, indicating that they

both yield electrons in similar amounts for the enzymatic

system. Similar requirements have been reported by

Fukushima et al. [39] for T. pyriformis MT-1, and

by Shipiro and Prescott [24] for T. pyriformis W. In

T. pyriformis W, NADH is three times more efficient than

NADPH as an electron donor for this reaction.

We observed that the decreased percentage of radioac-

tivity in free palmitic acid was due to its incorporation into

complex lipids, which depended on incubation time

(Table 2). These results are consistent with those for T. cruzi

by Florin-Christensen et al. [5]. These authors explained the

process as part of a mechanism for adaptation to different

temperatures, and proposed a role of triacylglycerides and

sterol esters for storage of FAs in membrane lipids. In our

study, incorporation of radioactivity from [1-14C]palmitic

acid into PL was at a maximum at 10 min, and was enhanced

in the presence of reduced coenzymes. This increase could

have resulted from an increase in (1) desaturase activities

that form unsaturated FAs efficiently; those would then be

incorporated into PL by specific acyl transferases; (2)

activity of elongases, which also require an electron donor,

and whose products (FAs with a chain length greater than

that of palmitic acid) would be incorporated by specific acyl

transferases; (3) acyl transferase activities resulting from an

increased concentration of FA substrates formed during

NADH-dependent reactions. In view of previous and pres-

ent findings, possibility (1) seems most likely.

In summary, the present results demonstrate the partic-

ipation of T. cruzi D9 desaturase in responses to environ-

mental changes, which enhance our understanding of lipid

metabolism in this parasite. Since 18:1n-9 induces cell

differentiation to infective forms in T. cruzi [3], D9 desat-

urase can be a potential target to attack parasite transmis-

sion and consequently, the determination of D9 desaturase

activity provides information that may also lead to

improved design of chemotherapy drugs against Chagas’

disease.
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Abstract Long-chain saturated fatty acids such as

palmitic acid induce insulin resistance and NF-jB activation

in skeletal muscle cells. Here we investigated the effects of

long-chain fatty acid (FA) saturation and configuration on

NF-jB activity and insulin sensitivity in cultured skeletal

muscle cells. Of all tested unsaturated FAs, only elaidic

acid (3-fold), cis9,trans11-CLA (3-fold) and trans10,cis12-

CLA (13-fold) increased NF-jB transactivation in myotubes.

This was not accompanied by decreased insulin sensitivity

(measured as insulin-induced glucose uptake and GLUT4

translocation). We therefore conclude that FA-induced

NF-jB activation is not sufficient for the induction of insulin

resistance in skeletal muscle cells.

Keywords Insulin resistance � NF-jB � Skeletal muscle �
Saturated fatty acids � Unsaturated fatty acids �
C2C12 cells � L6 cells

Abbreviations

AA Arachidonic acid

BSA Bovine serum albumin

CLA Conjugated linoleic acid

DAG Diacylglycerol

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

IL-6 Interleukin-6

MUFA Monounsaturated fatty acids

NF-jB Nuclear factor kappa B

PUFA Polyunsaturated fatty acids

SFA Saturated fatty acids

TNF-a Tumor necrosis factor-alpha

Introduction

Although the molecular mechanisms underlying the patho-

genesis of insulin resistance are still not fully understood,

different lines of evidence support the notion that elevated

concentrations of plasma free fatty acids (FA) play an

important role [1–3]. A relation between the activation of

the transcription factor-jB (NF-jB) and FA-induced

insulin resistance in skeletal muscle in humans has been

proposed [1]. In addition, studies in cultured skeletal

muscle cells have shown that the saturated FA palmitate

(C16:0) not only induces insulin resistance [4–7] but also

activates the NF-jB pathway, which results in the pro-

duction of pro-inflammatory cytokines such as interleukin-

6 (IL-6) and tumor necrosis factor (TNF)-a [8–10]. Still, a

causal relationship between NF-jB activation and FA-

induced skeletal muscle insulin resistance is disputable

[11–15]. Recently, we reported that the differential effects

of SFAs on NF-jB activation and insulin resistance in
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skeletal muscle cells depend on FA chain length [16].

Incubation with palmitic acid (C16:0) and stearic acid

(C18:0) resulted in insulin resistant skeletal muscle cells

showing increased NF-jB activation, while incubation

with the shorter saturated FAs caprylic acid (C8:0) and

lauric acid (C12:0) did not trigger these effects. Effects of

individual FAs with the same long-chain length, but with

differences in the degree of saturation or in cis–trans

configuration have not yet been systematically evaluated.

To investigate if the association between long-chain SFA-

induced NF-jB activation and insulin resistance in skeletal

muscle cells can be generalized to all long-chain FAs (C16

carbon atoms), we investigated the effect of saturation and

configuration on long chain FA-induced NF-jB activity in

relation to insulin sensitivity in cultured skeletal muscle

cells.

Materials and Methods

Cell Culture

The C2C12 murine skeletal muscle cell line (ATCC

CRL1772; Manassas, VA), stably transfected with the

6jB-TK-luciferase, was used for the assessment of NF-jB

transcriptional activity as described previously [16–18].

The L6 rat skeletal muscle cell line, stably transfected

with a construct encoding GLUT4 with an exofacial myc

epitope (L6-GLUT4myc) was kindly provided by Dr.

Amira Klip from the Hospital for Sick Children, Toronto,

ON, Canada. Cells were cultured and [3H]-deoxyglucose

uptake, GLUT4 translocation and NF-jB DNA binding by

electrophoretic mobility shift analysis (EMSA) was deter-

mined as described previously [16]. All experiments for

both cell lines were performed in 5-day differentiated

myotubes.

Fatty Acid Incubations

Stock solutions of 40 mmol/l were made in ethanol for all

FAs (palmitic, palmitoleic, stearic, oleic, elaidic, vaccenic,

linoleic, a-linolenic, arachidonic acid, EPA, DHA (all from

Sigma, St. Louis, MO) and cis-9, trans-11 CLA and trans-

10, cis-12 CLA (Bio-connect, The Netherlands). FAs were

conjugated to bovine serum albumin (BSA) [16] prior to

addition to the cells. For every type of measurement, the

experimental set-up was chosen to include all comparisons

between saturated and unsaturated FA as reported.

Statistical Analysis

SPSS (version 16.0) was used for statistical analysis. Values

for NF-jB transcriptional activity and [3H]-deoxyglucose

uptake measurements were analyzed by one-way ANOVA,

and the various treatment groups (N = 3) were compared

post hoc with Bonferroni correction, in which a p value of

B0.05 was considered significant.

Results and Discussion

To test whether the previously reported effects of long-

chain SFAs on NF-jB activation in skeletal muscle [9, 11,

16] are also present after incubation with monounsaturated

(MUFAs) and polyunsaturated FAs (PUFAs), we incubated

C2C12 myotubes, stably transfected with an NF-jB sen-

sitive reporter construct, with a variety of FAs. The con-

centrations FA used in this study are within the range of

those found in the plasma of healthy and diabetic subjects

[19–21].

The incubation time and FA concentration were opti-

mized for palmitic acid [16] and used for all other FAs

tested. In contrast to palmitic acid (C16:0) and stearic acid

(C18:0), their mono-unsaturated counterparts [palmitoleic

(C16:1) and oleic (C18:1) acid] did not induce NF-jB

transactivation in C2C12 skeletal muscle cells (Fig. 1a).

Also poly-unsaturated FAs with the same chain length as

stearic acid [linoleic (C18:2) and a-linolenic (C18:3) acid]

did not show these effects. The absence of activation of

NF-jB for these FAs was confirmed in another skeletal

muscle cell line, by performing an EMSA for the assess-

ment of RelA DNA binding in L6 myotubes (Fig. 1b).

Deoxyglucose uptake increased *4-fold following

insulin stimulation of vehicle treated myotubes (Fig. 1c).

Pretreatment with the different mono- and polyunsaturated

FAs resulted in a similar increase in insulin-induced

deoxyglucose uptake (between 3.5- and 4-fold increase

compared to their respective vehicle controls), while C16:0

and C18:0 decreased insulin-stimulated deoxyglucose

uptake by *60 and *80%, respectively, compared with

vehicle control. These results were confirmed by GLUT4

translocation measurements (Fig. 1d) and are in line with

the notion that NF-jB activation and the occurrence of

insulin resistance occur simultaneously, suggesting that

NF-jB activation may be causally related to long-chain

SFA induced insulin resistance.

These results are supported by several in vitro studies in

L6 cells, C2C12 cells or primary myotubes, where no

insulin desensitizing and NF-jB activating effects were

found for C16:1, C18:1 and C18:2 [4–6, 10, 22]. However,

Sinha et al. [11] reported an increased NF-jB DNA bind-

ing and insulin resistance in L6 myotubes after incubating

with C16:0 or C18:2, whereas no effects were found for

C18:3 incubation. A possible explanation for this discrep-

ancy may lie in the fact that the experiments by Sinha and

co-workers were performed for 6 h, while the other studies

286 Lipids (2010) 45:285–290
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mentioned, including ours, evaluated effects after longer

exposure time points.

Besides the cis-unsaturated FA described so far, unsat-

urated FA in our diet can have a trans configuration. The

main sources of dietary trans-MUFA include industrially

hydrogenated oils, and dairy products and meat containing

ruminant fat. The most abundant MUFA trans-FAs found

in these groups are elaidic acid (trans-9 C18:1) and vac-

cenic acid (trans-11 C18:1), respectively [23]. Of these two

tested trans isomers of oleic acid, only the incubation of

myotubes with elaidic acid resulted in an increased (*3-

fold) NF-jB transactivation compared with vehicle-treated

myotubes (Fig. 2a). This might suggest that the position of

the trans double bound determines the potential of a spe-

cific FA to activate NF-jB.

Well-known isomers of linoleic acid are the geometric

and positional isomers cis-9, trans-11 conjugated linoleic

acid (CLA) and trans-10, cis-12 CLA. We found an

increased NF-jB transactivation (*3-fold) after culturing

the cells with cis-9, trans-11 CLA, which was comparable

with the magnitude of the effects of C16:0 and C18:0.

Since a single double bound at the cis-9 (oleic acid) or

trans-11 (vaccenic acid) position of the C18-backbone did

not result in an increased NF-jB transactivation, it is

remarkable that the combination of these two double

bounds in cis-9, trans-11 CLA caused an increased NF-jB

transactivation. Strikingly, trans-10, cis-12 CLA provoked

a *13-fold increase in NF-jB transcriptional activity,

which is even higher than could maximally be achieved

with the pro-inflammatory cytokine TNF-a (10 ng/ml), the

prototypical inducer of NF-jB (routinely 5 to 10-fold

induction after 4 h incubation, data not shown). In addition,

activation of NF-jB after incubation with trans-10, cis-12

CLA was confirmed by performing an EMSA for the

assessment of RelA DNA binding in L6 myotubes

(Fig. 2b).

The fact that elaidic acid and cis-9, trans-11 CLA did

not reveal increased DNA binding might be due to transient

A B

C D

Fig. 1 NF-jB transcriptional activity and insulin sensitivity in

skeletal muscle cells after incubation with C16 or C18 FAs differing

in degree of saturation. C2C12 myoblasts stably transfected with the

6jB-TK-luciferase construct were differentiated for 5 days and

incubated with 400 lmol/l of the indicated FAs for 24 h (a). Lysates

were prepared for assessment of luciferase activity. Values were

corrected for protein content and expressed as fold-induction over

control. Alternatively, 5 days differentiated L6-GLUT4myc myotu-

bes were incubated with and without the indicated fatty acids

(200 lmol/l, 16 h). Nuclear extracts were prepared and assessed for

RelA DNA binding activity to a consensus NF-jB oligonucleotide by

EMSA (b). Relative DNA binding activity was determined by

phosphor-imager analysis and expressed as fold induction. Further-

more, 2-deoxyglucose uptake (c) and GLUT4 translocation (d) were

measured after stimulation with 25 nmol/l insulin for 15 min in

5 days differentiated L6-GLUT4myc myotubes. Data are expressed as

percentage of insulin-stimulated glucose uptake or GLUT4 translo-

cation in absence of FA. Basal and insulin-stimulated conditions are

represented by the white and black bars, respectively. *p \ 0.05

versus control. #p \ 0.05 versus insulin-stimulated control. Data

shown are representative examples of three independent experiments
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DNA binding, as bi-phasic NF-jB activation in skeletal

muscle has been reported, and the use of a reporter con-

struct is less sensitive to transient changes in NF-jB

transactivation [24]. Another explanation could be that the

demonstrated increase in NF-jB transactivation is based on

a mechanism independent from increased DNA binding,

for example protein kinase A induced phosphorylation of

NF-jB [25].

In spite of the considerable differences in NF-jB

activity between the tested C18 cis and trans-FAs, and in

particular between cis-C18:2 and C18:2 trans-10, cis-12

CLA, differential effects were not observed on insulin-

stimulated glucose uptake (Fig. 2c) or GLUT4 transloca-

tion (Fig. 2d), which were not affected by any of these

isomers.

Altogether, our results are in agreement with recent in

vitro data, showing no effects on insulin signaling at the

level of p-Akt, after incubation of C2C12 myotubes with

elaidic and vaccenic acid [26]. The same authors showed

that diets enriched in trans MUFAs of dairy or industrial

origin did not impair muscle insulin sensitivity in Wistar

rats. Nevertheless, opposing effects of CLA on insulin

sensitivity have been described in rodents: many studies in

the obese Zucker rat model describe positive effects on

insulin sensitivity [27–29], while studies in mice showed

that CLA, and in particular the trans-10, cis-12 isomer,

induces insulin resistance [30–33]. Little is known on the

effects of CLA on insulin sensitivity and inflammation in

humans. In healthy young men, a diet rich in CLA (5.5 g/

day, 5 weeks) did not affect inflammatory and diabetic risk

markers [34]. In obese men with metabolic syndrome,

supplementation with (3.4 g/day) trans-10, cis-12 CLA or

cis-9, trans-11 CLA for 12 weeks resulted in an increased

insulin resistance [35, 36] and supplementation with

A B

C D

Fig. 2 NF-jB transcriptional activity and insulin sensitivity in

skeletal muscle cells after incubation with geometric and positional

C18:1 or C18:2 isomers. C2C12 myoblasts stably transfected with the

6jB-TK-luciferase construct were differentiated for 5 days and

incubated with 400 lmol/l of the indicated FAs for 24 h (a). Lysates

were prepared for assessment of luciferase activity. Values were

corrected for protein content and expressed as fold-induction over

control. Alternatively, 5 days differentiated L6-GLUT4myc myotu-

bes were incubated with and without the indicated fatty acids

(200 lmol/l, 16 h). Nuclear extracts were prepared and assessed for

RelA DNA binding activity to a consensus NF-jB oligonucleotide by

EMSA (b). Relative DNA binding activity was determined by

phosphor-imager analysis and expressed as fold induction. Further-

more, 2-deoxyglucose uptake (c) and GLUT4 translocation (d) were

measured after stimulation with 25 nmol/l insulin for 15 min in

5 days differentiated L6-GLUT4myc myotubes. Data are expressed as

percentage of insulin-stimulated glucose uptake or GLUT4 translo-

cation in absence of FA. Basal and insulin-stimulated conditions are

represented by the white and black bars, respectively. *p \ 0.05

versus control. #p \ 0.05 versus insulin-stimulated control. Data

shown are representative examples of three independent experiments
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trans-10, cis-12 CLA also resulted in increased levels of

inflammatory biomarkers in serum [37]. Considering the

latter observation and the striking induction of NF-jB by

trans-10, cis-12 CLA in the cultured muscle cells in our

study, it appears that trans-10, cis-12 CLA may initiate

systematic inflammatory signaling in multiple tissues, and

it remains to be determined if this does have pathological

consequences. Finally, we also evaluated the effects of the

n-3 FAs eicosapentaenoic acid, docosahexaenoic acid and

the n-6 FA arachidonic acid, but none of these FAs affected

NF-jB activity or insulin sensitivity (data not shown).

Our results show that the apparent association between

SFA-induced NF-jB activation and insulin resistance in

skeletal muscle cells cannot be generalized to all long

chain FAs. Therefore, the proposed causal role of NF-jB

activation in the induction of SFA-induced insulin resis-

tance requires further investigation. It has been proposed

that intramuscular accumulation of FA metabolites like

diacylglycerol (DAG) [2, 4, 38–40] plays a role in inducing

insulin resistance. Increased FA oxidation results in a

decreased accumulation of FA metabolites like DAG and a

protection against palmitate-induced insulin resistance

in skeletal muscle cells [41]. Furthermore, it has been

shown that the oxidation rate of FAs in muscle increases

proportionally with the number of double bonds [42, 43].

This may explain why C16:0 and C18:0 did [16], but the

C16-MUFA and C18-MUFA/PUFAs did not induce insulin

resistance.

In conclusion, the results reported here reveal that FA-

induced NF-jB activation is not sufficient for the induction

of insulin resistance in skeletal muscle cells.
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Abstract In the brain, polyunsaturated fatty acids

(PUFA), especially arachidonic acid and docosahexaenoic

acid (DHA), are required for regulating membrane fluidity,

neuronal survival and signal transduction. Since the brain

cannot synthesize n-6 and n-3 PUFA de novo, they must be

supplied from the blood. However, the methods of PUFA

entry into the brain are not agreed upon. This study tested

the necessity of CD36, a candidate transporter of uneste-

rified fatty acids, for maintaining brain PUFA concentra-

tions by comparing brain PUFA concentrations in

CD36-/- mice to their wild-type littermates. Because

CD36-/- mice have been reported to have impaired

learning ability, the PUFA concentrations in different brain

regions (cortex, hippocampus, cerebellum and the

remainder of brain) were investigated. At 9 weeks of age,

the brain was separated into the four regions and fatty acid

concentrations in total and phospholipid classes of these

brain regions were analyzed using thin layer and gas

chromatography. There were no statistical differences in

arachidonic acid or DHA concentrations in the different

brain regions between wild-type and CD36-/- mice, in

total or phospholipid fractions. Concentrations of mono-

unsaturated fatty acids were decreased in several

phospholipid fractions in CD36-/- mice. These findings

suggest that CD36 is not necessary for maintaining brain

PUFA concentrations and that other mechanisms must

exist.

Keywords CD36 � Fatty acid translocase � Transporter �
Brain � Mouse � Knockout � Arachidonic acid �
Docosahexaenoic acid � Polyunsaturated fatty acid

Abbreviations

BBB Blood brain barrier

CD36 Clusters of differentiation 36

DHA Docosahexaenoic acid

PUFA Polyunsaturated fatty acid

Introduction

The brain is enriched with long chain polyunsaturated fatty

acids (PUFA) especially arachidonic acid (20:4n-6) and

docosahexaenoic acid (DHA; 22:6n-3) [1]. These PUFA

are considered essential for normal development and

function of the brain as they regulate membrane fluidity,

neuronal survival [2–4], and neurotransmission [5]. In

addition to these functions, altered brain PUFA metabolism

has been associated with psychiatric disorders including

schizophrenia [6], bipolar disorder [7], and depression [8].

Whereas dietary PUFA deprivation leads to an upregula-

tion of liver arachidonic acid and DHA synthesis via

desaturation/elongation of their 18 carbon precursors, lin-

oleic (18:2n-6) and a-linolenic acid (18:3n-3), respectively,

synthesis rates within the brain remain low and unchanged

[9–11]. As a result, it is important that PUFA are
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transported to the brain from the plasma where they are

found as unesterified fatty acids, or esterified fatty acids in

lipoproteins derived from the liver or diet [12–14].

While the mechanisms of PUFA uptake in the brain

have not been fully characterized [15, 16], two models for

PUFA entry into the brain through endothelial cells of the

blood–brain barrier (BBB) have been proposed: (1) passive

diffusion or transporter-mediated uptake of unesterified

fatty acids [17–20], and (2) lipoprotein receptor-mediated

endocytosis of lipoprotein particles [20, 21]. It has been

shown that the low density and very low density lipopro-

tein receptors are not necessary for maintaining brain

PUFA levels, suggesting that other mechanisms exist and

are sufficient [22, 23]. Recently the rates of uptake of DHA

and arachidonic acid into brain phospholipids from the

plasma unesterified pool have been shown to approximate

their respective rate of consumption by the brain, sug-

gesting that plasma unesterified fatty acids are a major pool

for brain fatty acid uptake [24–26].

Despite evidence for the uptake of plasma unesterified

fatty acids into the brain, whether unesterified fatty acids

cross the BBB via passive diffusion or via an active

transporter is not agreed upon [18, 19]. Consistent with the

Hamilton Model [27–29], Ouellet et al. [30] demonstrated

that the brain transport coefficient (Clup, ll g-1 s-1) of

[14C]-DHA and [14C]-eicosapentaenoic acid (EPA) was not

saturable at super-physiological concentrations, up to

100 lM, suggesting that DHA and EPA cross the BBB by

simple diffusion. It was also reported that, upon crossing

the BBB, EPA is rapidly b-oxidized possibly explaining its

low concentration within the brain [31].

Several proteins facilitate fatty acid transport in various

cell types [32–35]; however, the relevance of these proteins

to brain PUFA uptake has yet to be explored. CD36 is an

integral membrane glycoprotein expressed on the surface

of a wide variety of cells including platelets, monocytes,

adipocytes, myocytes, hepatocytes, enterocytes, retinal and

mammary epithelial cells, microvasculature endothelial

cells, and microglia and microvascular endothelial cells of

the brain [36, 37]. CD36 is a ‘pattern recognition’ receptor,

dependent on the intracellular concentrations of its ligands

[38–40]. Based on its role in fatty acid binding and uptake

in other types of cells, BBB endothelial cell CD36 [41–43]

is a putative fatty brain acid transporter [12]. In 1999,

Febbraio et al. [44] created a CD36 null mutation in mice

by targeted homologous recombination. In 2005, Abumrad

et al. [12] found that CD36-/- mice have normal activity,

anxiety and exploration of novel environments, but have

impaired learning ability, which they hypothesized may

occur due to an impaired supply of essential PUFA to the

brain. This hypothesis is supported by several studies

demonstrating that rodents deprived of n-3 PUFA have

impaired learning [45–50]. The purpose of this study was

therefore to explore the involvement of CD36 in main-

taining brain fatty acid concentrations. To do this, total

phospholipid fatty acid concentrations of CD36-/- and

wild-type mice within specific brain regions were com-

pared. We hypothesized that if CD36 is necessary for

maintaining brain PUFA concentrations, then CD36-/-

mice will have decreased brain PUFA concentrations. After

not finding a difference in total phospholipid fatty acid

concentrations, we examined phospholipid classes to assess

if specific pools may have been altered.

Materials and Methods

Animals and Treatments

All procedures were carried out in accordance with the

policies set by the Canadian Council on Animal Care, and

were approved by the Animal Ethics Committee at the

University of Toronto (protocol #2000721) and the

Cleveland Clinic IACUC. The brain samples of ten male

wild-type and ten male CD36-/- mice were provided by

the Cleveland clinic (Cleveland, OH). All mice were ten

generations backcrossed to C57Bl/6 and littermate derived

wild-type mice were used as controls and genotyped as

previously described [51]. The mice were raised until

9 weeks of age in the Cleveland clinic in which tempera-

ture, humidity, and light cycle were controlled; the animals

had ad libitum access to water and food (Teklad 2018S

18% Rodent Diet with Fenbendazole, Madison, WI). The

fatty acid percentage compositions of the mouse diet, as

measured by gas chromatography, were as follows: 16:0,

15.2%; 18:0, 3.5%; 18:1n-9, 19.6%; 18:2n-6, 51.8%;

18:3n-3, 5.6%; and fatty acids longer than 20 carbons

accounted for less than 1% of total fatty acids. By 9 weeks

of age, mice have an intact BBB [52], an adult size brain

[21], and plateaued brain PUFA concentrations [53, 54].

Hence, mice were euthanized at 9 weeks of age with car-

bon dioxide and the cortex, cerebellum, hippocampus, and

remainder of the brain were extracted. Brain regions were

then frozen in liquid nitrogen prior to storage at -80 �C

until further analysis.

Brain Lipid Extraction and Gas Chromatography/Flame

Ionization Detection

Total lipids were extracted from the brain regions accord-

ing to the method of Folch, Lees, and Sloane Stanley [55].

Thin layer chromatography (TLC) plates were activated by

heating at 100 �C for 1 h. Total lipids were then loaded on

a TLC plate and the plate was placed in a tank with sol-

vents. Total phospholipid was separated along with

authentic standards in heptane/diethyl ether/glacial acetic
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acid (60:40:2, v/v). Phospholipid fractions were separated

along with authentic standards in chloroform/methanol/2-

propanol/KCl (0.25%, w/v)/triethylamine (30:9:25:6:18, v/v).

Bands corresponding to total phospholipid, choline glyc-

erophospholipid (ChoGpl), ethanolamine glycerophospho-

lipid (EtnGpl), phosphatidylserine (PtdSer), phospha-

tidylinositol (PtdIns), and ceramide phosphocholine

(CerPCho) were visualized under ultraviolet light, after

lightly spraying with 8-anilino-1-naphthalene sulfonic acid

(0.1%, w/v). Bands were scraped into a test tube containing

a known amount of unesterified heptadecanoic acid (Nu-

Chek Prep, Elysian, MN, USA), and converted to fatty acid

methyl esters with 14% boron trifluoride/methanol at

100 �C for 1 or 1.5 h for CerPCho. Fatty acid methyl esters

were quantified on a Varian-430 gas chromatograph

(Varian, Lake Forest, CA, USA) equipped with a

Varian Factor Four capillary column (VF-23 ms;

30 m 9 0.25 mm i.d. 9 0.25 lm film thickness), and a

flame ionization detector (FID). Samples were injected in

splitless mode. The injector and detector ports were set at

250 �C. Fatty acid methyl esters were eluted using a tem-

perature program set initially at 50 �C and held for 2 min,

increased at 20 �C/min and held at 170 �C for 1 min, then

increased at 3 �C/min and held at 212 �C for 10 min to

complete the run. The carrier gas was helium, set to a

0.7 ml/min constant flow rate. Peaks were identified by

retention times of fatty acid methyl ester standards (Nu-

Chek-Prep, Elysian, MN). Fatty acid concentrations (nmol/

g brain) were calculated by proportional comparisons of

the gas chromatography peak areas with that of the hep-

tadecanoic acid internal standard. The 2018 Teklad Global

18% Protein Rodent Diet was measured in quadruplicate

according to the method described above.

Brain Cholesterol Analysis by Gas Chromatography/

Mass Spectrometry

A portion of the total lipid stock solution containing total

lipids of cortex, cerebellum, hippocampus, or rest of brain,

along with 5-a-cholestane as an internal standard were

dried down under nitrogen and saponified in 1 M metha-

nolic NaOH at 90 �C for 1 h. The non-saponifiable mate-

rial containing sterols and glycerol was separated from

saponifiable materials by adding saline and hexane, cen-

trifuging (275 g) for 4 min and removing the upper hexane

phase containing sterols. The hexane extraction process

Table 1 Fatty acid concentrations of total phospholipid in cortex, hippocampus, and cerebellum from wild-type and CD36-/- mice

Fatty
acid

Cortex Hippocampus Cerebellum Remainder of brain

WT
(n = 9)

CD36-/-

(n = 7)
WT
(n = 8)

CD36-/-

(n = 7)
WT
(n = 6)

CD36-/-

(n = 5)
WT
(n = 10)

CD36-/-

(n = 10)

14:0 559 ± 141 495 ± 90 760 ± 264 853 ± 189 192 ± 35 118 ± 50 252 ± 57 227 ± 68

14:1n-5 355 ± 124 259 ± 23 110 ± 48 137 ± 142 56 ± 64 66 ± 108 ND 2 ± 6

16:0 27,862 ± 1,311 27,550 ± 1,261 24,389 ± 2,040 25,596 ± 1,061 22,131 ± 713 21,096 ± 1,602 25,257 ± 2,225 25,918 ± 1,304

16:1n-7 663 ± 63 628 ± 62 593 ± 95 659 ± 148 459 ± 22 395 ± 47* 560 ± 54 571 ± 80

18:0 24,959 ± 1,077 23,741 ± 1,093 21,750 ± 1,436 22,160 ± 1,603 23,239 ± 1,175 23,452 ± 965 22,308 ± 2,032 22,382 ± 1,604

18:1n-9 14,251 ± 918 13,910 ± 621 14,707 ± 763 15,751 ± 1,233 18,033 ± 1,106 19,068 ± 1,054 17,311 ± 1,683 17,669 ± 1,647

18:1n-7 3,363 ± 160 3,203 ± 118* 3,125 ± 86 3,148 ± 319 5,138 ± 507 4,337 ± 1,798 4,790 ± 616 4,919 ± 617

18:2n-6 786 ± 67 777 ± 56 683 ± 68 765 ± 82 951 ± 53 982 ± 64 730 ± 91 786 ± 89

20:0 ND ND ND ND ND ND ND ND

20:1n-9 720 ± 151 676 ± 109 891 ± 109 1,003 ± 183 2,249 ± 280 2,582 ± 292 1,757 ± 267 1,792 ± 356

20:3n-3 96 ± 59 126 ± 17 82 ± 38 59 ± 56 297 ± 11 341 ± 30* 218 ± 59 223 ± 33

22:0 192 ± 50 168 ± 41 ND ND ND ND ND ND

20:4n-6 7,934 ± 302 7,915 ± 202 8,139 ± 706 8,271 ± 1,183 6,253 ± 351 6,730 ± 405 7,311 ± 702 7,368 ± 578

22:1n-9 38 ± 48 91 ± 98 62 ± 28 68 ± 56 200 ± 50 212 ± 36 147 ± 27 147 ± 30

20:5n-3 ND ND 15 ± 29 8 ± 21 112 ± 59 141 ± 26 7 ± 23 34 ± 31

22:4n-6 1,539 ± 107 1,514 ± 74 1,597 ± 133 1,601 ± 206 1,191 ± 153 1,330 ± 195 1,795 ± 203 1,787 ± 227

24:0 ND ND ND ND ND ND ND ND

24:1n-9 413 ± 108 417 ± 123 1,473 ± 551 1,943 ± 758 ND ND ND ND

22:5n-6 140 ± 137 224 ± 106 775 ± 67 808 ± 126 1,495 ± 235 1,775 ± 297 743 ± 348 709 ± 417

22:5n-3 ND ND 68 ± 31 35 ± 34 102 ± 6 78 ± 47 97 ± 15 83 ± 9*

22:6n-3 12,531 ± 492 12,492 ± 721 8,768 ± 790 8,818 ± 1,603 9,533 ± 817 9,825 ± 822 8,767 ± 935 8,972 ± 654

Data are nmol/g and are means ± SD

ND not detected (\1 nmol/g), WT wild-type

* Statistically significant from wild-type (WT) represents P \ 0.05
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and centrifugation was repeated one more time, in order to

maximize the cholesterol yield. The sterol fraction con-

taining cholesterol was dried under nitrogen and subse-

quently derivatized in trimethylsilyl chloride (Pierce,

Rockford, IL, USA) at 60 �C for 30 min. The trimethylsilyl

chloride was completely evaporated under nitrogen and the

remaining derivatized cholesterol fraction was reconsti-

tuted with 150–300 ll of hexane for analysis by gas

chromatography/mass spectrometry (GC/MS).

Cholesterol was determined by GC/MS using a HP-5 ms

capillary column (30 m 9 0.25 mm i.d. 9 0.25 lm film

thickness; Agilent Technologies) in an Agilent 6890 series

Gas Chromatograph system equipped with an Agilent 5973

Network Mass Selective Detector (Agilent Technologies,

Wilmington, DE, USA). The flow rate of helium carrier gas

was 1 ml/min. The oven temperature was programmed as

follows: 100 �C held initially for 1 min, increased at 15 �C/

min to 280 �C and held for 17 min at 280 �C (total run time

30 min). The temperature of the injection port, ion source,

and interface were 250, 230, and 280 �C, respectively. The

injection volume was 1 ll and a splitless insert was adapted.

A mass range from 50 to 700 amu was scanned using an

electron ionization energy of 70 eV. Cholesterol trimethyl-

silyl ester and 5-a-cholestane (internal standard) were

quantified on the basis of selected mass fragments.

Statistics

Results are expressed as means ± SD. Means were com-

pared by unpaired, two-tailed t tests, with statistical sig-

nificance set at P \ 0.05.

Results

Cortex, Hippocampus, Cerebellum and Remainder

of Brain Esterified Fatty Acid Concentrations

With the exception of 22:5n-3 in remainder of brain total

phospholipids (Table 1) and 20:3n-3 in cortical PdtIns

(Table 2) which were statistically lower in CD36-/- mice

as compared to controls, no other significant differences in

PUFA concentrations were detected (Tables 1, 2, 3, 4, 5).

Total phospholipid 18:1n-7 was lower in the cortex of

Table 2 Cortex fatty acid concentrations of major phospholipid classes from wild-type and CD36-/- mice

Fatty

acid

ChoGpl EtnGpl PtdSer PtdIns

WT

(n = 9)

CD36-/-

(n = 7)

WT

(n = 9)

CD36-/-

(n = 7)

WT

(n = 7)

CD36-/-

(n = 7)

WT

(n = 9)

CD36-/-

(n = 7)

14:0 185 ± 37 171 ± 57 299 ± 244 268 ± 217 48 ± 18 54 ± 24 48 ± 23 47 ± 23

14:1n-5 41 ± 15 55 ± 51 44 ± 16 33 ± 9 40 ± 13 31 ± 8 35 ± 11 36 ± 17

16:0 21,353 ± 1,277 21,101 ± 1,891 3,295 ± 582 3,604 ± 1,621 480 ± 85 496 ± 110 697 ± 179 611 ± 80

16:1n-7 341 ± 21 351 ± 69 139 ± 28 123 ± 34 59 ± 11 47 ± 23 50 ± 16 67 ± 46

18:0 5,307 ± 859 4,828 ± 320 8,006 ± 901 8,072 ± 921 4,522 ± 169 4,571 ± 290 1,647 ± 436 1,474 ± 194

18:1n-9 7,860 ± 378 7,912 ± 645 2,700 ± 199 2,724 ± 369 1,138 ± 85 1,146 ± 154 439 ± 137 430 ± 73

18:1n-7 2,230 ± 104 2,092 ± 218 433 ± 32 435 ± 66 79 ± 9 81 ± 11 76 ± 8 70 ± 8

18:2n-6 334 ± 41 356 ± 58 124 ± 20 147 ± 62 20 ± 22 36 ± 20 37 ± 19 40 ± 21

20:0 ND ND ND ND ND ND ND ND

20:1n-9 212 ± 18 207 ± 25 298 ± 79 286 ± 61 47 ± 24 49 ± 14 ND ND

20:3n-3 73 ± 10 74 ± 15 47 ± 29 33 ± 24 52 ± 47 31 ± 14 71 ± 21 42 ± 17*

22:0 ND ND ND ND 4 ± 10 10 ± 12 ND ND

20:4n-6 1,875 ± 120 1,931 ± 187 3,145 ± 200 3,221 ± 367 211 ± 29 243 ± 65 993 ± 88 967 ± 142

22:1n-9 ND ND ND ND ND ND ND ND

20:5n-3 ND ND ND ND ND ND ND ND

22:4n-6 125 ± 11 135 ± 19 848 ± 64 839 ± 79 189 ± 16 181 ± 26 1,346 ± 249 1,267 ± 162

24:0 ND ND ND ND ND ND ND ND

22:5n-6 ND ND 100 ± 21 108 ± 38 ND ND ND ND

22:5n-3 ND ND 25 ± 20 26 ± 13 ND ND ND ND

22:6n-3 1,109 ± 112 1,174 ± 159 5,814 ± 498 5,874 ± 825 2,495 ± 191 2,423 ± 382 142 ± 25 156 ± 64

Data are nmol/g and are means ± SD

ChoGpl choline glycerophospholipid, EtnGpl ethanolamine glycerophospholipid, PtdIns phosphatidylinositol, PtdSer phosphatidylserine,

ND not detected (\1 nmol/g), WT wild-type

* Statistically significant from wild-type (WT) represents P \ 0.05
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CD36-/- mice as compared to controls (Table 1), whereas

hippocampal EtnGpl 16:0 (Table 3) was significantly lower

in CD36-/- mice as compared to controls. In the cere-

bellum, 16:1n-7 was significantly lower in total phospho-

lipids of CD36-/- mice as compared to wild-type controls

(Table 1). 16:1n-7 was also significantly lower in the

remainder of brain PtdSer in CD36-/- compared to wild-

type (Table 5).

Cortex, Hippocampus, Cerebellum and Remainder

of Brain Cholesterol Concentrations

There were no statistically significant differences

(P [ 0.05) in cholesterol concentrations between CD36-/-

mice as compared to wild-type controls in the four brain

regions measured (Fig. 1).

Discussion

The cortical, cerebellar, hippocampal, and remainder of

brain total phospholipid and phospholipid fraction

esterified fatty acid as well as cholesterol concentrations

from wild-type mice in this study are consistent with other

reports [22, 23, 53, 56] and slight discrepancies may be due

to differences in diet and brain region analysis [1, 57].

Although the majority of fatty acids were not statistically

different, small decreases in monounsaturated fatty acids

were detected in total phospholipids and the major

phospholipid classes of CD36-/- mice. Although we can-

not rule out that these minor differences in monounsatu-

rated fatty acids could have been caused by random chance

most of the observed changes were a decrease in the fatty

acid concentration within CD36-/- mice, suggesting that

the results maybe due to genetic ablation of CD36.

In 2009, Mitchell et al. [43] examined the permeability

of oleate (18:1n-9) across primary human brain microves-

sel endothelial cells (HBMEC) using confluent cells grown

on Transwell inserts. The necessity of CD36 in transporting

oleate across the HBMEC monolayer was tested by

knocking-down CD36 with siRNA. After transfecting with

CD36 siRNA for 48 h (the expression of CD36 mRNA on

HBMEC was reduced by 52%), the radioactivity of

[14C]-18:1n-9 transported into the basolateral medium was

Table 3 Hippocampus fatty acid concentrations of major phospholipid classes from wild-type and CD36-/- mice

Fatty

acid

ChoGpl EtnGpl PtdSer PtdIns

WT

(n = 8)

CD36-/-

(n = 7)

WT

(n = 8)

CD36-/-

(n = 7)

WT

(n = 8)

CD36-/-

(n = 7)

WT

(n = 8)

CD36-/-

(n = 7)

14:0 57 ± 19 48 ± 23 42 ± 20 28 ± 16 3 ± 3 2 ± 4 1 ± 3 4 ± 7

14:1n-5 9 ± 15 6 ± 10 3 ± 6 3 ± 9 7 ± 5 9 ± 7 9 ± 8 11 ± 13

16:0 17,839 ± 972 17,375 ± 932 3,367 ± 156 3,154 ± 183* 269 ± 40 257 ± 24 198 ± 159 238 ± 100

16:1n-7 232 ± 61 218 ± 41 79 ± 7 85 ± 17 15 ± 5 15 ± 4 30 ± 7 31 ± 18

18:0 4,912 ± 178 5,347 ± 634 8,793 ± 334 9,233 ± 600 5,006 ± 429 4,968 ± 399 3,055 ± 816 3,314 ± 607

18:1n-9 7,836 ± 235 8,220 ± 474 2,929 ± 268 3,221 ± 411 1,625 ± 193 1,704 ± 212 790 ± 203 1,035 ± 264

18:1n-7 2,047 ± 32 2,005 ± 166 460 ± 36 489 ± 76 107 ± 12 110 ± 17 129 ± 18 142 ± 20

18:2n-6 307 ± 26 364 ± 73 119 ± 16 143 ± 32 38 ± 11 45 ± 17 42 ± 8 65 ± 22

20:0 ND ND ND ND ND ND ND ND

20:1n-9 224 ± 14 241 ± 24 370 ± 68 423 ± 77 91 ± 19 100 ± 18 67 ± 27 80 ± 18

20:3n-3 43 ± 19 34 ± 23 17 ± 15 9 ± 16 ND ND ND ND

22:0 ND ND ND ND ND ND ND ND

20:4n-6 2,386 ± 265 2,408 ± 175 3,885 ± 228 4,089 ± 342 384 ± 47 409 ± 51 2,695 ± 953 2,674 ± 699

22:1n-9 8 ± 11 9 ± 12 10 ± 11 7 ± 12 38 ± 14 45 ± 10 37 ± 33 48 ± 18

20:5n-3 ND ND ND ND ND ND ND ND

22:4n-6 126 ± 13 126 ± 11 1,099 ± 92 1,156 ± 69 270 ± 33 275 ± 17 139 ± 67 162 ± 51

24:0 ND ND ND ND ND ND ND ND

22:5n-6 ND ND 113 ± 10 123 ± 36 79 ± 11 81 ± 19 ND ND

22:5n-3 ND ND 51 ± 6 32 ± 22 ND ND ND ND

22:6n-3 930 ± 78 948 ± 79 5,358 ± 527 5,627 ± 513 2,573 ± 285 2,520 ± 225 810 ± 422 972 ± 310

Data are nmol/g and are means ± SD

ChoGpl choline glycerophospholipid, EtnGpl ethanolamine glycerophospholipid, PtdIns phosphatidylinositol, PtdSer phosphatidylserine, ND
not detected (\1 nmol/g), WT wild-type

* Statistically significant from wild-type (WT) represents P \ 0.05
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significantly reduced by 42% in 20 min, suggesting that

CD36 is involved in the movement of oleate across the

HBMEC. Interestingly in our study, although the level of

18:1n-9 was not decreased in CD36-/- mice, levels of

16:1n-7 were decreased in several phospholipid fractions

within several regions. The lack of change in 18:1n-9

concentrations in our study is difficult to interpret as the

brain is capable of synthesizing 18:1n-9 de novo which

may be upregulated to compensate for a decrease in plasma

18:1n-9 uptake in CD36-/- mice. It would be of interest to

directly test the uptake rate of plasma unesterified mono-

and polyunsaturated fatty acids in CD36-/- and wild-type

controls [56, 58–60].

In 2005, Abumrad et al. [61] examined the learning

ability of CD36-/- mice using the eight radial arm

maze. The maze consisted of multiple arms at the end of

which contained a sweetened milk reward. Revisiting an

arm where the reward was already obtained was con-

sidered an error. Unlike their wild-type littermates,

CD36-/- mice showed substantially more errors, indi-

cating a deficit in learning [12]. Since n-3 PUFA

deprivation is associated with impaired learning in

rodents [45–50] we examined PUFA concentrations in 4

major brain regions of CD36-/- and wild-type mice.

There were no significant differences in brain DHA

concentrations between wild-type and CD36-/- mice.

Therefore, it is not clear if a change in brain DHA

concentration may be related to the behavioral deficits in

CD36-/- mice.

The lack of a significant difference in brain arachidonic

acid or DHA concentrations between CD36-/- and wild-

type mice suggests that CD36 is not necessary for main-

taining brain PUFA concentrations. Since the brain cannot

synthesize n-3 or n-6 PUFA de novo, PUFA likely enter the

brain through CD36-independent mechanisms such as

passive diffusion [18, 30], lipoprotein receptors including

the high density lipoprotein receptor [62], or other fatty

acid transporters that have not yet been characterized in the

brain endothelium. From our study, it is not possible to

conclude that CD36 does not play a role in fatty acid

transport. It is possible that CD36 is normally involved

in fatty acid transport, but previously mentioned

Table 4 Cerebellum fatty acid concentrations of major phospholipid classes from wild-type and CD36-/- mice

Fatty

acid

ChoGpl EtnGpl PtdSer PtdIns

WT

(n = 6)

CD36-/-

(n = 5)

WT

(n = 6)

CD36-/-

(n = 5)

WT

(n = 6)

CD36-/-

(n = 5)

WT

(n = 6)

CD36-/-

(n = 5)

14:0 68 ± 21 61 ± 22 43 ± 33 26 ± 13 8 ± 4 20 ± 28 9 ± 17 7 ± 13

14:1n-5 ND ND ND ND ND 3 ± 8 ND ND

16:0 14,361 ± 2,412 15,067 ± 1,907 3,484 ± 811 3,444 ± 492 414 ± 76 438 ± 119 314 ± 65 357 ± 181

16:1n-7 168 ± 33 166 ± 32 124 ± 36 107 ± 7 16 ± 2 19 ± 6 4 ± 4 8 ± 13

18:0 5,448 ± 551 5,468 ± 371 8,761 ± 1,015 8,837 ± 520 4,461 ± 674 4,368 ± 437 2,247 ± 322 2,081 ± 404

18:1n-9 7,217 ± 1,203 7,502 ± 709 5,240 ± 905 5,101 ± 428 3,026 ± 444 3,020 ± 393 712 ± 128 707 ± 34

18:1n-7 2,445 ± 387 2,375 ± 263 951 ± 284 894 ± 158 196 ± 55 179 ± 28 134 ± 24 144 ± 20

18:2n-6 374 ± 57 380 ± 29 194 ± 76 167 ± 11 42 ± 12 42 ± 10 35 ± 7 36 ± 6

20:0 ND ND ND ND ND ND ND ND

20:1n-9 578 ± 95 606 ± 44 1,182 ± 230 1,275 ± 136 293 ± 66 311 ± 40 123 ± 40 135 ± 39

20:3n-3 109 ± 18 111 ± 12 120 ± 27 129 ± 9 8 ± 10 13 ± 8 ND ND

22:0 ND ND ND ND ND ND ND ND

20:4n-6 1,160 ± 145 1,197 ± 68 2,919 ± 489 2,816 ± 297 480 ± 380 334 ± 55 1,638 ± 435 1,566 ± 404

22:1n-9 21 ± 18 30 ± 18 74 ± 15 73 ± 18 27 ± 15 30 ± 17 ND ND

20:5n-3 ND ND 10 ± 21 ND 2 ± 4 ND ND ND

22:4n-6 83 ± 16 83 ± 17 844 ± 177 879 ± 160 176 ± 35 175 ± 27 60 ± 31 49 ± 8

24:0 ND ND ND ND ND ND ND ND

22:5n-6 4 ± 11 15 ± 20 ND ND 1 ± 3 2 ± 3 ND ND

22:5n-3 10 ± 12 14 ± 8 63 ± 13 43 ± 25 5 ± 8 11 ± 6 ND ND

22:6n-3 1,874 ± 219 1,865 ± 117 5,298 ± 753 4,989 ± 594 1,802 ± 235 1,697 ± 208 465 ± 250 306 ± 62

Data are nmol/g and are means ± SD

ChoGpl choline glycerophospholipid, EtnGpl ethanolamine glycerophospholipid, PtdIns phosphatidylinositol, PtdSer phosphatidylserine, ND
not detected (\1 nmol/g), WT wild-type

* Statistically significant from wild-type (WT) represents P \ 0.05
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mechanisms, including changes respective plasma pools or

kinetics, or other compensatory mechanism including a

decrease in brain PUFA catabolism compensated for a lack

of CD36-mediated transport. Cardiomyocytes from

CD36-/- have a one-fold increase in fatty acid transport

protein 1 (FATP1) which could be a compensatory mech-

anism in the absence of CD36 [63]. In addition, esterified

PUFA might be cleaved from lipoproteins at the BBB by

enzymes such as lipoprotein lipase [20] or endothelial

lipase [64–66], thus providing another pool from which

PUFA can enter the brain.

In conclusion, CD36 has been implicated as a candidate

fatty acid transport protein in several tissues. CD36-/-

mice have decreased levels of monounsaturated fatty acids

in several brain phospholipid pools, but it is not clear if

these changes are related to the altered behavior previously

reported in these mice. By examining CD36-/- mice, we

have demonstrated that brain PUFA levels, especially

arachidonic acid and DHA, are not altered, suggesting that

other mechanisms to transport PUFA into the brain must

exist and are sufficient.
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Table 5 Remainder of brain fatty acid concentrations of major phospholipid classes from wild-type and CD36-/- mice

Fatty

acid

ChoGpl EtnGpl PtdSer PtdIns

WT

(n = 9)

CD36-/-

(n = 10)

WT

(n = 7)

CD36-/-

(n = 9)

WT

(n = 9)

CD36-/-

(n = 8)

WT

(n = 9)

CD36-/-

(n = 10)

14:0 104 ± 18 87 ± 17* 460 ± 271 232 ± 213 26 ± 42 8 ± 2 2 ± 5 4 ± 4

14:1n-5 ND ND 23 ± 22 12 ± 17 4 ± 11 ND ND ND

16:0 18,540 ± 1,610 19,051 ± 800 4,479 ± 374 4,590 ± 427 445 ± 98 369 ± 101 265 ± 93 280 ± 87

16:1n-7 283 ± 86 260 ± 36 147 ± 15 138 ± 34 22 ± 8 15 ± 5* 7 ± 7 5 ± 4

18:0 5,533 ± 473 5,584 ± 319 8,770 ± 1,057 9,265 ± 1,056 5,118 ± 606 4,844 ± 857 1,402 ± 337 1,333 ± 197

18:1n-9 9,004 ± 801 9,181 ± 486 5,172 ± 481 5,098 ± 709 2,327 ± 370 2,128 ± 565 418 ± 111 355 ± 60

18:1n-7 2,562 ± 228 2,518 ± 195 1,045 ± 166 990 ± 190 186 ± 28 170 ± 51 69 ± 18 61 ± 13

18:2n-6 345 ± 29 376 ± 47 172 ± 40 170 ± 42 40 ± 8 33 ± 12 23 ± 10 24 ± 7

20:0 ND ND ND ND ND ND ND ND

20:1n-9 450 ± 55 447 ± 64 1,015 ± 147 1,046 ± 203 206 ± 43 191 ± 66 40 ± 19 41 ± 11

20:3n-3 72 ± 8 76 ± 9 104 ± 35 109 ± 29 17 ± 14 8 ± 6 ND ND

22:0 ND ND ND ND ND ND ND ND

20:4n-6 1,958 ± 159 2,013 ± 151 4,263 ± 430 4,127 ± 508 736 ± 162 661 ± 215 891 ± 260 860 ± 165

22:1n-9 22 ± 19 20 ± 18 59 ± 11 58 ± 12 31 ± 8 29 ± 8 ND ND

20:5n-3 ND ND 8 ± 14 12 ± 18 ND 6 ± 8 ND ND

22:4n-6 144 ± 12 142 ± 14 1,367 ± 141 1,323 ± 182 269 ± 49 260 ± 44 48 ± 22 52 ± 15

24:0 ND ND ND ND ND ND ND ND

22:5n-6 ND ND 245 ± 305 297 ± 347 42 ± 9 43 ± 7 ND ND

22:5n-3 2 ± 6 1 ± 4 66 ± 10 55 ± 9 12 ± 4 10 ± 6 ND ND

22:6n-3 1,362 ± 117 1,419 ± 110 5,863 ± 715 5,821 ± 499 2,278 ± 299 2,298 ± 371 306 ± 72 288 ± 85

Data are nmol/g and are means ± SD

ChoGpl choline glycerophospholipid, EtnGpl ethanolamine glycerophospholipid, PtdIns phosphatidylinositol, PtdSer phosphatidylserine, ND
not detected (\1 nmol/g), WT wild-type

* Statistically significant from wild-type (WT) represents P \ 0.05

Fig. 1 Cortex, hippocampus, cerebellum and reminder of brain

cholesterol concentrations (mg/g wet weight) in wildtype and

CD36-/- mice (n = 5–10 per group). No statistically significant

differences were detected (P [ 0.05)
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Abstract To elucidate if the trans-membrane uptake of

fatty acids is protein-mediated, the uptake of oleic acid

(18:1n-9), linoleic acid (18:2n-6), alpha-linolenic acid

(18:3n-3), eicosapentaenoic acid (20:5n-3) and docosa-

hexaenoic acid (22:6n-3) was investigated in vitro in

Atlantic salmon (Salmo salar L.) primary hepatocytes.

Firstly, optimal fatty acid incubation time and concentra-

tion were established for trans-membrane 18:n-9 uptake.

Based on saturation kinetics, a 2-h incubation time and

37.5 lM were used for the following experiments. Sec-

ondly, in order to identify whether trans-membrane fatty

acid uptake in hepatocytes was mainly passive or protein

mediated, hepatocytes were pre-incubated with membrane

protein inhibitors followed by 2 h of incubation with

[1-14C] labelled 18:1n-9, 18:2n-6, 18:3n-3, 20:5n-3 and

22:6n-3. Fatty acid uptake into hepatocytes was highest

with 20:5n-3 and 22:6n-3 and lowest with 18:1n-9.

Phloretin was the most potent fatty acid uptake inhibitor,

inhibiting uptake in the following order: 20:5n-3 [ 18:3n-3 =

22:6n-3[ 18:2n-6 [ 18:1n-9. The uptake of FA in Atlantic

salmon hepatocytes seem to be due to both saturable and

inhibitable protein mediated uptake, as well as passive uptake

processes with more unsaturated and long fatty acids (20:n-

3 [ 22:6n-3 = 18:3n-3[ 18:2n-6) being more dependent on

membrane protein mediated uptake compared to 18:1n-9.

Keywords Fatty acid � Trans-membrane uptake �
Fatty acid transport protein (FATP) � Fatty acid

translocase (FAT/CD36) � Fatty acid binding

protein in plasma membrane (FABPpm) � Transport �
Passive diffusion � Atlantic salmon � Hepatocytes �
Inhibitors
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Introduction

Fatty acids are key nutrients associated with energy pro-

duction- and storage, gene regulation [1] and essential

components in cell membrane phospholipids [2]. With their

hydrophobic nature, LCFAs have long been thought to

transverse the lipid bilayer of the cell membrane by simple,

non-facilitated diffusion [3–8] then by ‘‘flip–flop’’ in the

phospholipid bilayer [9, 10]. However, there are several

indications of active protein mediated fatty acid (FA)

uptake being present in cells. Energy dependency and an

ATP-driven pump have been reported to be involved in FA

transport across 3T3F4424 adipocytes [11] and rat hepa-

tocyte membranes [12]. Furthermore, there are a number of

FA transport proteins identified in the cell membrane of a

variety of tissues, such as fatty acid transport proteins 1 to

6 (FATP1–FATP6) [13–15], plasma membrane associated

fatty acid binding protein (FABPpm) [16, 17] and fatty acid

translocase (FAT/CD36) [18], which are all thought to

function as trans-membrane FA uptake proteins.

Protein modifying agents or membrane protein inhibi-

tors has been found to inhibit cellular LCFAs uptake sug-

gesting the existence of membrane protein dependent

transport. Examples of such membrane protein modifying

agents are phloretin and sulfo-N-succinimidyl oleate (SSO)

which have been found to inhibit the LCFAs uptake [19,

20]. Both SSO and phloretin have been reported to

decrease 18:1n-9 uptake in rat heart and skeletal muscle

[21, 22] and SSO has been found to decrease 18:1n-9

uptake in rat adipocytes [23]. Diisothiocyanodisulfonic

acid (DIDS), being a non-permeable anion exchange

inhibitor [24], and SSO have been reported to decrease

palmitate uptake in rainbow trout (Oncorhynchus mykiss)

red and white muscle vesicles [25]. Furthermore, methyl-b-

cyclodextrin is reported to decrease fatty acid uptake by

[50% in COS cells through depletion of cholesterol [26].

In Atlantic salmon hepatocytes, FA uptake has been

found to significantly decrease when fish were fed dietary

vegetable oil based diets compared with fish oil [27],

indicating an effect of dietary fatty acids on the expression

or activity of fatty acid uptake associated membrane pro-

teins. Furthermore, the mRNA expression of FAT/CD36

and FATP in Atlantic salmon liver, muscle and adipose

tissues have been identified and reported to be significantly

affected by dietary fatty acid composition in white muscle

but not in liver [28]. However, the mechanism of fatty acid

uptake in Atlantic salmon tissues and the relative impor-

tance among these membrane proteins have not previously

been investigated. The aim of the present study was to

elucidate the uptake mechanisms and the following intra-

cellular metabolic fate in Atlantic salmon hepatocytes

of18:1n-9, and compared to other long chain fatty acids

typical for vegetable- and fish oils; i.e. 18:2n-6, 18:3n-3,

20:5n-3 and 22:6n-3 to give indications of the possible

relationship between fatty acid uptake rate and metabolism

as a driving force for uptake.

Materials

Atlantic salmon were obtained from the Institute of Marine

Research (IMR) and fed a commercial diet containing

about 48% crude protein, 25% lipid, 13% nitrogen-free

extracts (Skretting, Spirit HH200-75A, Stavanger, Nor-

way). Fetal bovine serum (FBS) and GlutaMax were

bought from Gibco-brl/Life Technologies (Gaithersburg,

MD, USA). Leibovitz L-15, antibiotics (mixture of peni-

cillin, streptomycin and amphotericin B), metacain

(MS222), unradiolabelled fatty acids, laminin, butylated

hydroxytoluene (BHT), collagenase (Type VIII), fatty

acids free bovine serum albumin (BSA) and 4-(2-

hydroxyethyl)-1-piperazineethane-sulfonic acid (HEPES),

perchloric acid, diethylether, methyl acetate, isopropanol,

isohexane, acetic acid, chloroform, methanol, sodium

chloride (NaCl), potassium chloride (KCl), ethylenedia-

minetetraacetic acid (EDTA), were all obtained from

Sigma Chemical Co. (Poole, UK). Nylon gauze (100 lm)

and chamber slides were bought from BD Bioscience

(Erembodegem, Belgium). Phosphate buffered saline

solution (PBS) and trypan blue were supplied by Bio-

Whittaker (MD, USA). High-performance thin layer

chromatography (HPTLC, silica gel 60) plates were

obtained from Merck (Darmstadt, Germany). Radiolabelled

[1-14C] fatty acids (50 lCi/mmol) was purchased from

American Radiolabelled Chemicals Inc. (Laborel, Oslo,

Norway). Scintillation fluid and a TRI-CARB 2000CA

scintillation counter were bought from Ecoscint A,

National Diagnostics (Atlanta, GA, USA) and United

Technologies Packard (UK) respectively. Complete L-15

medium was composed of Leibovitz L-15 supplemented

with 10% FBS, 2 mM GlutaMax, 100 U penicillin mL-1,

100 lg streptomycin mL-1 and 0.25 lg amphotericin B

mL-1. Semi-complete L-15 medium was composed of

complete L-15 medium without FBS.

Cyclodextrin, phloretin, diisothiocyanodisulfonic acid

(DIDS) and sulfo-N-succinimidyl 4-maleimido-butyric

acid ester (SSMB) were purchased from Fluka Chemicals

(Sigma–Aldrich, Oslo, Norway). Sulfo-N-succinimidyl

4-maleimido-oleic acid ester (SSO) was synthetized

according to a modified procedure [29] originally described

by Staro [30]. Briefly, oleic acid (0.25 mmol), HOSu

(SO3)Na (0.25 mmol), and dicyclohexylcarbodiimide

(DCC) (0.275 mmol) were dissolved in 0.5 mL of dry

N,N-dimethylformamide (DMF) and stirred at room tem-

perature overnight. The precipitated dicyclohexylurea was

removed by filtration (Whatman No. 1). The filtrate was
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kept at 3 �C for 4 h. Eight volumes of ethyl acetate were

added and the precipitated product was collected by fil-

tration (Ultipor Nylon 66, 45-lm pore size) under nitrogen

and then stored in a vacuumed desiccator over phosphorus

pentoxide. The chemicals and materials for synthesizing

SSO were all purchased from Fluka Chemicals (Sigma–

Aldrich, Oslo, Norway).

Methods

Preparation of Hepatocytes

Atlantic salmon (500 ± 143 g) were randomly selected

and placed in a 50-L bucket with oxygenated seawater.

After the fish were sedated with 0.1 g L-1 MS222 in water,

hepatocytes were isolated by a two-step perfusion essen-

tially as described by Dannevig and Berg [31]. Through

the hepatic vein, the liver was first cleared of blood by

perfusion with HEPES buffer (NaCl 8.4 g L-1, KCl

0.5 g L-1, EDTA 0.0074 mg L-1) then digested with

HEPES-buffer containing collagenase (0.1 mg mL-1). The

digested liver was then removed gently put into a sterile

Petri-dish on ice, filled with PBS and the hepatocytes were

dispersed by using two tweezers. The tissue suspension was

subsequently filtered through 100 lm nylon gauze. The

cells were collected by centrifugation at 50g for 5 min at

4 �C and washed twice more with PBS followed by the

same centrifugation. Finally, the cells were resuspended in

20 mL complete L-15 medium. The cell viability was

routinely measured by the trypan blue excluded method and

[85% of unstained cells was the criterion for further use of

the cells. Cells were plated onto 25-cm2 cell culture flasks

(TPP, Trasadingen Switzerland), pre-coated with

2 lg cm-2 laminin, at a density of 2 million cells mL-1

(5-mL cell suspension flask-1) and cultured at 12 �C

overnight. Duplicate flasks were cultured from each fish

and three fish per treatment were used if not otherwise

stated (total n = 6).

18:1n-9 Uptake Depending on Time and Concentration

All experiments performed to measure 18:1n-9 uptake

were done 12 h after seeding the cells when the hepato-

cytes were attached. In the first experiment, 5 mL semi-

complete L-15 medium was added 60 lM 18:1n-9 together

with 1 lM [1-14C] 18:1n-9, and this was incubated with the

hepatocytes (0.2 lCi flask-1) for 0, 0.5, 1, 2, 4, 6, 12, 24 h.

18:1n-9 bound to BSA with a molar ratio of 2.5:1 were

prepared as previously described by Ghioni et al. [32]. In

the second experiment, 5 mL of semi-complete L-15

medium was added 0, 37.5, 75, 150, 300, 600 lM 18:1n-9

and [1-14C] 18:1n-9 with the unradiolabelled and

radiolabelled 18:1n-9 M ratio of 30:1 were incubated with

the cell for 2 h (0, 0.13, 0.24, 0.49, 0.98, 1.98 lCi flask-1,

respectively). The FA uptake was terminated by removing

the medium. The medium was centrifuged at 500g for

5 min, 4�C and the supernatant was collected. The cell

layer was collected by using a cell scrape and PBS. The

cells pellets were washed twice with PBS and centrifuged

at 500g for 5 min, 4�C before the cells were re-suspended

in 0.5 mL 0.88% KCl solution. 50 lL of cell suspension

and 500 lL of the medium were mixed with 8 mL scin-

tillation fluid in scintillation vials to count the radioactivity

in the scintillation counter. Lipids were extracted from the

cell and medium samples as described below.

Inhibition of Fatty Acid Uptake

Hepatocytes were pre-incubated with inhibitors, 10 mM

cyclodextrin, 250 lM phloretin, 250 lM DIDS, 200 lM

SSO or 200 lM SSMB, in 0.05% DMSO-semi-complete

L-15 medium respectively for 0.5 h. Then the medium was

removed and the fatty acid uptake study was carried out by

adding semi-complete L-15 medium containing 37.5 lM

18:1n-9 and 1.25 lM [1-14C] 18:1n-9 (0.3 lCi flask-1) for

2 h including various inhibitors mentioned above. For

studying the inhibition of phloretin on the uptake of 18:

1n-9, 18:2n-6), 18:3n-3, 20:5n-3 and 22:6n-3, 250 lM

phloretin was added to the hepatocytes for 0.5 h. Then the

medium was removed and the fatty acid uptake was carried

out by adding semi-complete L-15 medium containing

37.5 lM of the different fatty acids and 1.25 lM [1-14C]

fatty acid (0.3 lCi flask-1) for 2 h including 250 lM

phloretin. In addition, hepatocytes (controls) with 0.05%

DMSO and (cold and radiolabelled) fatty acids but without

inhibitors were run concurrently with experimental treat-

ments. Cell and incubation medium samples were har-

vested and radioactivity was measured as described above.

For fatty acid uptake and metabolism data after 2 h of

incubation this was corrected for with a time-zero sample

with radiolabelled fatty acids added to correct for back-

ground radioactivity.

Incorporation of Fatty Acids into Lipid Classes

Recovery of [1-14C] fatty acids in lipid classes was ana-

lyzed by thin-layer chromatography (HPTLC). Lipids were

extracted from cells and the medium by adding four to five

volumes of chloroform:methanol (2:1) described by Folch

et al. [33] with 0.05% BHT in it. After mixing well and

centrifugation at 450g for 5 min, the lower chloroform

phase was transferred carefully and totally into another

glass tube and dried under a stream of nitrogen. The lipid

was re-suspended in 50 lL of chloroform and applied as a

1-cm line on HPTLC plates alongside 5 lL of a mixed
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lipid standard (5 mg mL-1). Lipid classes were separated

by an isohexane:diethyl ether:acetic acid (80:25:1.5 v/v/v)

solvent system and visualized by exposure to iodine vapor.

The plate was marked and the iodine was removed under

vacuum. The individual lipid class, total phospholipids

(PLs), neutral lipids (NLs including monoacylglycerol,

MAG; diacylglycerol, DAG; triacylglycerols, TAG; cho-

lesterol and sterol ester) and free fatty acids (FFA) was

scraped into scintillation vials and 8 mL of scintillation

fluid was added respectively before radioactivity was

measured by the scintillation counter.

Assay of Hepatocytes b-Oxidation Activity

The analysis of 14C-acid soluble fatty acid oxidation

products (ASPs) and 14CO2 in the hepatocytes and medium

samples were determined as described previously by

Tocher et al. [34] and Stubhaug et al. [27]. A 100-lL

quantity of the sample was transferred into a 2-mL cen-

trifuge tube then 50 lL of BSA solution (6 g mL-1) was

added to bind the remaining fatty acids. After the mixture

was mixed well, 500 lL of ice-cold perchloric acid (4 M)

was added to precipitate the protein-bound un-oxidized

FAs. After further mixing well, the mixture was centri-

fuged at 3,500g for 10 min. Then 250 lL of the superna-

tant was taken to mix with 8 mL scintillation fluid to

determine the radioactivity using the scintillation counter.

Apoptosis Test: MTT Test and Hoechst Staining Test

The potential toxicity of the fatty acid uptake inhibitors

was investigated either by staining the nucleus using the

DNA specific dye Hoechst 33342 (Sigma–Aldrich, Oslo,

Norway) or by the MTT based in vitro toxicology assay kit

according to the manufacturers protocol (Sigma–Aldrich,

Oslo, Norway). Hepatocytes isolated from Atlantic salmon

was cultured overnight in 96-well plates (0.4 million cells

cm-2) (MTT) and chamber slides (Hoechst), followed by

incubation with inhibitors for 2.5 h as described above. For

the visualization of the nucleus, hepatocytes were fixed in

4% buffered paraformaldehyde (pH 7.4) for 15 min after

24 or 48 h exposure. Subsequently, the cells were incu-

bated for 3 9 5 min with PBS/1 mM glycine, 1 min in

PBS/0.1% Triton X-100 and washed for 3 9 5 min with

PBS prior to staining with 1 lg mL-1 of the DNA specific

dye Hoechst 22242 for 15 min. Apoptosis was scored by

assessing the nuclear status of at least 200 cells in each

exposure group using a Bx51 Olympus Fluorescence

microscope (Olympus Europa GmbH, Hamburg, Germany).

The resulting data from the MTT-test on the primary culture

used in the experiments presented here are not shown since

they revealed no differences; rather they were used to verify

the findings from the nucleus staining.

Statistical Analysis

All data are presented as means ± SD. A nonlinear

regression model was used to describe the effect of changes

in 18:1n-9 concentration on 18:1n-9 uptake by the hepa-

tocytes and to determine the Km and Vmax constants of fatty

acid membrane transport (Excel, version 2007). Significant

differences between treatments and controls were deter-

mined using one way ANOVA, followed by the Turkey

post-hoc test. All statistical analyses were performed using

the STATISTICA 6.1 software (StatSoft Inc., Tulsa, USA).

Result were considered significant at P \ 0.05.

Results

Fatty acids taken up by hepatocytes can either be esterified

into cellular lipids, b-oxidized for energy production or

further secreted as esterified lipids incorporated into lipo-

proteins, as very low density lipoprotein (VLDL). Theo-

retically, uptake should be calculated by the sum of total

radioactivity recovered in the cells and radioactivity of

esterified lipids and b-oxidation products recovered in the

incubation medium. However, neither radioactive esterified

lipids nor radioactive b-oxidation products was found

accumulated in the incubation medium compared to 0 h

control hepatocytes. Therefore 18:1n-9 uptake was first

calculated by the radioactivity recovered in the cell (dpm)

and then it was transferred into the value of nmol by the

specific activity of radiolabelled 18:1n-9 (lCi mmol-1).

Finally the net total uptake of 18:1n-9 including radiola-

belled and unlabelled 18:1n-9 was calculated by the molar

ratio of radiolabelled and unlabelled 18:1n-9.

18:1n-9 Uptake-Time Course Study

Incubation of 61 lM 18:1n-9 with 1 9 107 hepatocytes at

12 �C revealed that the uptake was fast and linear over the

first 6 h (Fig. 1a). It gradually reached a saturated state

after 12 h with no difference in uptake between 12 and

24 h. During the 24 h incubation study the uptake rate was

the highest around 2 h (2 nmol h-1 million cells-1).

Therefore this incubation time was chosen for the follow-

ing experiments.

18:1n-9 Uptake-Concentration Study

Uptake of 18:1n-9 by hepatocytes increased linearly with

increasing 18:1n-9 concentration up to 150 lM followed by

a saturated state (Fig. 1b) according to the Michaelis–Men-

ten equation (Fig. 2). Km for this process as a function of the

total 18:1n-9 concentration was calculated to be 46.4 ±

0.6 lM, while the Vmax amounted to 2.25 ± 0.03 nmol h-1
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million cells-1. Of the concentrations tested, 37.5 lM

18:1n-9 was closest to the Km value and this concentration

was chosen for the following experiments.

Effects of Different Membrane Protein Inhibitors

on 18:1n-9 Uptake

To further clarify whether 18:1n-9 uptake into hepatocytes

of Atlantic salmon was mediated by membrane proteins,

the effects on fatty acid uptake of membrane protein

inhibitors were studied (Fig. 3). Treatment of hepatocytes

with phloretin resulted in the highest inhibition of 18:1n-9

uptake by 28.2 ± 2.6% of control. DIDS and SSMB

revealed lower inhibition by 14.5 ± 1.7 and 13.4 ± 6.6%,

respectively. The lowest inhibition was found in the pres-

ence of SSO, inhibiting the uptake by 7.8 ± 4.7%.

Uptake of Vegetable- and Fish Oil Fatty Acids

into Hepatocytes

The uptake of FAs was measured respectively as total

radioactivity recovered in hepatocytes and further expres-

sed as % of the initially added FAs. Uptake of different

FAs ranged between 9.5 and 15% (Fig. 4) with 20:5n-3

being most efficiently taken up (15%), followed by 22:6n-3

(13%), 18:1n-9, 18:2n-6 and 18:3n-3. The most potent

membrane protein inhibitor, phloretin, revealed in the first

18:1n-9 study (Fig. 3) inhibited the fatty acid uptake in the

following order; 20:5n-3 [ 18:3n-3 = 22:6n-3 [ 18:2n-

6 [ 18:1n-9 with the 20:5n-3 uptake being lowered by

67%. This was in contrast to 18:1n-9 revealing the lowest

inhibition of phloretin compared to all the other fatty acids

tested (Fig. 5).

Incorporation of Fatty Acids into Hepatocyte Lipids

The cellular lipid distribution of fatty acids was calculated

by the radioactivity recovered in cellular PLs, NLs and free

FAs (% of cellular lipid; Fig. 6). Fatty acids were mainly
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Fig. 1 a Uptake of 18:1n-9 from 0 to 24 h in Atlantic salmon

hepatocytes during incubation of 61 lM 18:n-9 with the radiola-

belled:nonlabelled 18:1n-9 M ratio of 1:60, bound to BSA (18:1n-9:

BSA; 2.5:1). Data are presented as means ± SD (n = 3). b Atlantic

salmon hepatocyte 18:1n-9 uptake with increasing 18:1n-9 concen-

tration. Hepatocytes were incubated with 18:1n-9, where the radio-

labelled:unradiolabelled 18:1n-9 M ratio was 1:30. The uptake was

measured 2 h after addition of the 18:1n-9 substrate. Data are

presented as means ± SD (n = 6)
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Fig. 3 Inhibition of 18:1n-9 uptake by inhibitors in Atlantic salmon

hepatocytes. Data are presented as means ± SD (n = 6) and are

expressed relative to untreated control (100%). Asterisks denote very

significant difference compared to control (P \ 0.01). DIDS diisoth-

iocyanodisulfonic acid, SSO sulfo-N-succinimidyl 4-maleimido-oleic

acid ester, SSMB sulfo-N-succinimidyl 4-maleimido-butyric acid ester
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recovered as FFAs (50–70% of cellular lipid), whereas

*30% was recovered esterified into cellular PL and *6%

esterified into NLs. The 22:6n-3 was mainly incorporated

into cellular PLs (38% of cellular lipid), followed by

20:5n-3 (27%), and 18:1n-9, 18:2n-6, 18:3n-3 with

approximately 20% being recovered in PLs. The incorpo-

ration into NLs was not significantly different between the

fatty acids, ranging from 5 to 7% of the cellular lipids. The

recovery of 18:1n-9, 18:2n-6, 18:3n-3 and 20:5n-3 into

cellular FFA was not significantly different, varying from

61 to 68% of the cellular lipids, which was significantly

higher than the recovery of 22:6n-3 in cellular FFA, being

50% of the cellular lipids.

Fatty Acid Catabolism

The b-oxidation of fatty acids by the hepatocytes is pre-

sented relative to the total radiolabelled fatty acids taken

up. The b-oxidation of 18:3n-3 was significantly higher

(7%) compared to all the other fatty acids analysed. The

b-oxidation of 18:1n-9 was the lowest (\1% of total

18:1n-9 taken up) followed by 18:2n-6 \ 20:5n-3 \ 22:6n-3

being increasingly more b-oxidation (Fig. 7).

Cell Viability

In order to evaluate if the addition of inhibitors affected the

hepatocytes viability or stress resulting in apoptosis of the

cells, a chemical (MTT) and morphological (Hoechst

staining) test were applied. The cell viability ranged from
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taken up of the total fatty acid added. Cells were incubated for 2 h

with 37.5 lM radiolabelled and unlabelled fatty acids respectively

with molar ratio of 1:30. Data are presented as means ± SD, n = 10

for 18:1n-9, n = 6 for 18:3n-3 and 18:2n-6, and n = 4 for 20:5n-3

and 22:6n-3. Statistical differences analyzed by one-way ANOVA are

denoted by different letters
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90 to 113% in the presence of inhibitors and no significant

difference was found compared with the control by MTT-

test (data not shown) and this was further documented by

the Hoechst staining test (data not shown), pointing to the

fact that neither the cell integrity nor the physiologic state

was affected by treating hepatocytes with inhibitors for

2.5 h.

Discussion

Atlantic salmon hepatocytes is an established in vitro

system and has been used in a range of lipid metabolic

studies [27, 34–38]. The present report is the first to study

the fatty acid uptake mechanisms across hepatocyte

membranes of Atlantic salmon over a time span relevant to

metabolic studies. A previous study by Richards et al. [25]

measured fatty acid uptake within seconds, whereas in the

present study, the uptake of fatty acids was measured for

several hours. The 18:1n-9 uptake occurred through a sat-

urable, transport mechanism, which is in line with Richards

and co-workers [25], with uptake being the highest during

the first 2 h of incubation. It has been suggested that

intracellular metabolism is the driving force and regulator

of fatty acid uptake over the cell membranes [39]. Hence,

the current results of fatty acid uptake represent not only an

isolated uptake across the membrane (s), but the fatty acid

uptake over the membrane within a time span which may

be more relevant for metabolic studies (h). In line with the

present results, previous studies using hepatocytes as well

as adipocytes and cardiac myocytes isolated from rat, have

shown that 18:1n-9 uptake followed saturation kinetics

indicating protein mediated uptake when measured over a

longer time span [40]. Saturation kinetics has also been

reported to be valid for uptake of the saturated fatty acid

palmitate (16:0) into skeletal muscle [41], and for 18:1n-9

uptake into mammalian adipocytes [16, 42], cardiac myo-

cytes [43], and hepatocytes [44]. The ratio of fatty

acid:albumin was maintained at 2.5:1 being similar to what

was used in previous metabolic and fatty acid uptake

studies in Atlantic salmon hepatocytes [38, 45] and rain-

bow trout muscle membrane [25] where the ratio varied

was reported to vary from 8–11:1, 2.5:1 to 0.2–5:1.

Previously, the molar ratio between fatty acid and

albumin in the medium has been found to affect the uptake

kinetics of fatty acids in rat hepatocytes [40]. Lower

FA:albumin ratio than 2.0:1 has been found to decrease the

uptake of FA [40], and with a high uptake rate of FA this

situation may theoretically occur since the concentration of

albumin in the medium would increase relative to the fatty

acid concentration as the fatty acids were taken up by the

hepatocytes. However, in the current experiments the total

fatty acids uptake found never exceeded 15% of the

amount of fatty acids added and consequently the molar

ratio of FA:BSA was never lower than 2.2:1. The molar

ratio of FA:albumin initially being 2.5:1 was safely above

the highest ratio used by Sorrentino et al. [40] who tested

FA:BSA ratios from 0.1:1 to 2:1. Hence, based on previous

18:1n-9:BSA ratio data, the observed saturation kinetics

was unlikely to be due to a sub-optimal 18:1n-9:albumin

ratio.

Increasing the concentration of 18:1n-9 adds complexity

to the interpretation for the 18:1n-9 uptake and saturation

due to the fact that net accumulation of fatty acids within

the cells can be a result of changes in fatty acid metabolism

and cellular influx. Metabolic demand for fatty acids has

been suggested to be the driving force for fatty acid uptake

through conversion of fatty acids to acyl-CoA by the action

of acyl-CoA synthetases and the regulation of the mem-

brane-bound transport proteins [39]. This has also been

exemplified by the finding that with stable over-expression

of the initial and rate limiting enzyme in glycerolipid

synthesis, glycerol-3-phosphate acyl transferase in CHO

cells, the fatty acid uptake increased [46]. Hence, if the

intracellular fatty acid metabolism was lower than any

other fatty acid transport pathways, especially the trans-

membrane process, the saturation of fatty acid uptake could

also be apparent and firm conclusions on a passive diffu-

sion or a protein mediated uptake mechanism could not be

made [47–49]. In the present study of 18:1n-9, low levels

of b-oxidation products ([1%) were found when corrected

for background activity, using a time-zero sample and

approximately 20% of 18:1n-9 taken up was incorporated

into PL. This indicates that intracellular metabolism of

18:1n-9 was low compared to especially 18:3n-3, selec-

tively being b-oxidized and 22:6n-3 being esterified into

PL approximately twofold higher than 18:1n-9. Therefore

the present 18:1n-9 uptake with a saturation curve could

also be explained as passive diffusion in combination with
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a rate limitation in the subsequent intracellular fatty acid

metabolism. Overall, the relative levels of secreted fatty

acids (esterified lipids in medium) and ß-oxidation prod-

ucts was lower compared to previously published papers on

Atlantic salmon hepatocyte metabolism [27, 34, 38]. This

is, however, the first time the results are being corrected for

background activity using a time-zero sample in the

experimental design. This resulted in lower actual activity

data compared to without a zero-sample correction. Fur-

thermore, results expressed as relative amount of radioac-

tivity of the total added or taken up is highly dependent on

the total concentration of fatty acids added to the cells.

When lower concentrations are used, the relative amount is

higher whereas the absolute amount of fatty acids taken up

was actually lower in the results of Stubhaug et al. [27]

study compared to ours as outlined below. Another

important factor influencing metabolic rate is temperature.

The lower incubation temperature (12 �C) used in the

current study will slow down the overall metabolism

compared to incubation at 20 �C used in previous studies

[27, 34, 37]. The incubation time used in the current study

was identical (2 h) to most previously published studies

[27, 34]. Decreased incubation time will naturally result in

less total metabolism. Furthermore, the cell viability

measurements (by MTT and Hoechst) showing overall no

indications of decreased viability further supports the fact

that the lower relative metabolism was due to the inclusion

of time zero-sample correction and higher fatty acid con-

centrations, rather than decreased viability and cell

integrity.

The efficiency of uptake and the metabolic fate of

18:1n-9, 18:2n-6, 18:3n-3, 20:5n-3 and 22:6n-3 was dem-

onstrated to be significantly different in Atlantic salmon

hepatocytes supporting previous studies performed with

hepatocyte suspensions [27]. Especially 18:1n-9 and 20:5n-

3 seemed to represent the opposites with regards to uptake

and degree of inhibition. 18:1n-9 was the least efficiently

taken up with the uptake inhibited by phloretin the least,

whereas 20:5n-3 was the most efficiently taken up and

inhibition by phloretin was the highest of the fatty acids

studied. Previously, 20:5n-3 was reported to be the most

efficiently taken up fatty acid in hepatocytes from FO fed

Atlantic salmon [27] with as much as 90% of added fatty

acids being taken up. In the current study 9–15% of the

fatty acids added were taken up. However, Stubhaug et al.

[27] added 2 lM fatty acids in contrast to 37.5 lM in the

current study. When calculating the total amount of fatty

acids taken up, actually 3.75 lM fatty acids in the current

study was taken up by the cells compared to 1.8 lM

reported by Stubhaug et al. [27].

Intracellular metabolism has been suggested to be the

driving force and regulator of fatty acid uptake over the

cell membranes [39, 50]. However, our results indicate that

metabolism alone is not the determining factor. The

metabolism of 18:3n-3 and 20:5n-3 was comparable when

combining the relative amount being b-oxidized and

incorporated into polar lipids. However, 20:5n-3 was sig-

nificantly more efficiently taken up compared to 18:3n-3.

Furthermore, a major proportion of all fatty acids tested

were recovered in cellular FFA (50–70% of lipids), sug-

gesting that the amount of fatty acids taken up was suffi-

cient for subsequent intracellular metabolism, esterification

or b-oxidation, and that trans-membrane uptake was the

primary regulating step of fatty acids uptake in the current

study. Furthermore, the metabolic fate of 22:6n-3 differed

slightly from the other fatty acids, with more 22:6n-3 being

recovered in the polar lipids (mainly phospholipids) and

less in FFA and b-oxidation products. Supporting previ-

ously published data [27] this confirms that 22:6n-3 has an

important role in structural lipids as part of the cell

membranes.

It is generally considered that the membrane proteins,

FABPpm, FAT/CD36 and FATP, are responsible of the

uptake of long and very long chain fatty acids [Reviewed

by Frohnert and Bernlohr; 51]. The FA uptake inhibitors

used in the current study either inhibits one specifically

(e.g. SSO) or all of these membrane bound proteins

(phloretin). The 18:1n-9 uptake was differently inhibited

by the five inhibitors used with the maximal degree of

inhibition by phloretin being 28%, which was lower than

earlier studies using rat cardiac myocytes [49, 50, 52], rat

adipocytes [24, 29] (varying from 60 to 90%) and trout

muscle sarcolemma (about 40%) [25], indicating that sal-

mon hepatocytes are less dependent on protein mediated

18:1n-9 uptake compared to mammalian and trout cells. In

line with these previous results, the present study was not

able to inhibit fatty acid uptake completely. Considering

that phloretin was reported to be a potent non-specific

inhibitor of membrane transport proteins [53, 54] and

phloretin-containing buffer has also been used as a ‘‘stop

solution’’ to suppress the efflux or influx of FAs rapidly and

completely [42], the maximal degree of inhibition by

phloretin, about 30%, was postulated as the contribution of

these FA uptake associated membrane proteins, FABPpm,

FAT/CD36 and FATPs. The present remaining 18:1n-9

uptake not being inhibited accounted for about 70% and it

can be assumed to be attributed to passive diffusion. In

contrast to 18:1n-9, the uptake of 20:5n-3 was inhibited by

70% followed by 18:3n-3 and 22:6n-3 at approximately

50% inhibition. This suggests that FA uptake by Atlantic

salmon hepatocytes is accomplished by both passive and

carrier-mediated trans-membrane transport, and that the

omega-3 fatty acids are more dependent on membrane

bound protein mediated uptake than 18:1n-9 and 18:2n-6.

When Atlantic salmon are fed diets increasingly replacing

fish oil with vegetable oils their dietary fatty acid
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composition will be dominated by 18:1n-9 and 18:2n-6

fatty acids [55]. These differences in the mechanisms for

fatty acid uptake may have implications when dietary fatty

acid compositions are changed in such a manner.

Compared to previous published reports on rainbow

trout muscle sarcolemma, the magnitude of inhibition by

phloretin of 18:1n-9 uptake was approximately 10% lower

compared to the present study. On the other hand, the

pattern was similar with phloretin being the most potent

inhibitor and SSO being the least [25] indicating the

uptake mechanisms being similar between trout muscle

sarcolemma and Atlantic salmon hepatocytes. SSO was

reported to have the specificity towards FAT/CD36 by

specifically inhibiting FAT/CD36 without indicating an

effect on FATP or FABPpm [20], hence inhibition of

7.8% 18:1n-9 uptake by SSO can be attributed to the

function of FAT/CD36. FABPpm has also been reported

to function in conjunction with FAT/CD36 [reviewed by

Bonen et al. 56] therefore the two proteins might collab-

orate to increase the rates of fatty acid transport across

membrane [57] and accounted for 8% in the present

18:1n-9 uptake. Considering that 18:1n-9 uptake mediated

by total membrane proteins was 28%, 18:1n-9 uptake

mediated by another assumed membrane transport protein,

FATP, would account for 20%. Cyclodextrin did not

significantly lower the 18:1n-9 uptake compared to the

control. However, cyclodextrin has previously been

reported to disrupt the lipid raft by lowering the choles-

terol levels in the lipid raft [reviewed by Ikonen et al. 58],

and the 10% of the 18:1n-9 uptake inhibition by cyclo-

dextrin suggested that lipid raft was also included in

Atlantic salmon hepatocytes fatty acid uptake and its

attribution to fatty acid uptake would be 10%. SSMB is an

analogue of SSO, and is an agent with protein modifying

properties. SSMB showed higher inhibition on 18:1n-9

uptake compared to SSO suggesting that SSMB can

function as a more potent inhibitor than SSO of fatty acid

uptake associated membrane proteins.

When the fatty acids are taken up by cells, they may

be bound to intracellular fatty acid-binding proteins

(FABPs) and transported from the cell surface to the

various sites of metabolism or storage [Stoch and

Thumser 59]. The main proportion of fatty acids taken up

was recovered in FFA probably bound to intracellular

FABPs, whereas less than 10% was recovered in TAG.

This was in contrast to Stubhaug et al. [27] who reported

that the main proportion of fatty acids was recovered in

TAG and less than 5% was recovered as FFA. This may

likely be due to differences in incubation temperature

with decreased temperature (12 �C) in the current study

resulting in slower metabolism and incorporation of fatty

acids into TAG compared to hepatocytes cultured at

20 �C in the study of Stubhaug et al. [27].

In conclusion, the uptake of fatty acids by Atlantic

salmon hepatocytes was shown to be time- and concen-

tration dependent, and to be partly inhibited by membrane

protein inhibitors. 20:5n-3, 18:3n-3 and 22:6n-3 seems to

be more dependent on membrane bound proteins compared

to 18:1n-9 and 18:2n-6, and intracellular metabolism did

not seem to be a main regulating factor or driving force for

fatty acid uptake in cultured Atlantic salmon primary

hepatocytes.
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Abstract Food consumption data of Flemish women of

reproductive age collected in 2002 showed a large deficit

for ALA and n-3 LC PUFA compared to the recommen-

dations (mean ALA and EPA ? DHA intake 1.4 g/day and

209 mg/day, respectively) and indicated a need to tackle

the problem of low n-3 PUFA intake. Another recent

Belgian study demonstrated that enrichment of commonly

eaten food items with n-3 PUFA provides the opportunity

to increase the n-3 PUFA intake up to 6.5 g/day and

decrease the n-6/n-3 ratio. Since a large supply of n-3

PUFA supplements and n-3 PUFA enriched foods exists on

the Belgian market, this study aimed at assessing the

influence of these products on the n-3 LC PUFA intake for

Flemish women of reproductive age. It was found that n-3

supplements are consumed by 5% of the Flemish women.

Of all the n-3 PUFA enriched foods on the Flemish market,

margarines and cooking fat are most frequently consumed

by young women. The results indicated that a big gap

remains between the EPA&DHA intake (mean = 276 mg/

day) and the recommendation. Seafood remains the most

important source of EPA&DHA. Only 11.6% of the pop-

ulation sample reached an intake level of 500 mg

EPA&DHA per day. The study showed that other strategies

will be needed to increase the EPA&DHA intake in the

long term.

Keywords EPA&DHA � Omega-3 supplements �
Omega-3 enrichment � Dietary intake � Women �
Belgium � PUFA

Abbreviations

ALA Alpha-linolenic acid

BMI Body mass index

CVD Cardiovascular diseases

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

FFQ Food frequency questionnaire

ISSFAL International society for the study of fatty acids

and lipids

LA Linoleic acid

LC Long-chain

PUFA Polyunsaturated fatty acids

Introduction

An adequate intake of n-3 long chain (LC) polyunsaturated

fatty acids (PUFA), in particular of docosahexaenoic acid

(DHA) during pregnancy and lactation is important to

support optimal visual and cognitive development in the

foetus and the neonate [1, 2]. Furthermore, consumption of

eicosapentaenoic acid (EPA) and DHA, the most important

n-3 LC PUFA, during pregnancy reduces the risk of early

premature birth [1–3]. In addition, epidemiological studies

have clearly shown that n-3 LC PUFA lower the risk of

cardiovascular diseases (CVD) in adults [1–4].

To achieve an adequate n-3 LC PUFA intake, appro-

priate dietary habits are needed. The food source naturally

richest in n-3 LC PUFA is fish and other seafood,
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particularly oily fish [4]. However, in most European

countries, the estimated intake of fish is too low to meet the

recommendation for n-3 LC PUFA [4–9]. Moreover, due to

negatively perceived messages in the media about con-

taminants in seafood, people tend to decrease their fish

consumption and possibly look for alternatives. In addition,

since it is not clear whether the world’s oceans could meet

the seafood demand, alternatives will be of even bigger

interest in the future in view of a sustainable food supply.

These alternatives can be found in n-3 PUFA enriched

foods as well as in n-3 PUFA supplements based on sus-

tainable sources e.g. algae. The market of foods and sup-

plements containing n-3 PUFA is rapidly growing [10].

Data on food consumption of women of reproductive

age living in Flanders (the northern, Dutch speaking part of

Belgium) collected in 2002 showed a large deficit for

alpha-linolenic acid (ALA) and n-3 LC PUFA compared to

the recommendations and indicated a need to tackle the

problem of low n-3 PUFA intake [5]. Another recent

Belgian study demonstrated that enrichment of commonly

eaten food items with n-3 PUFA provides the opportunity

to increase the n-3 PUFA intake and to decrease the n-6/n-3

ratio in the diet to around 3.3 [11]. These facts together

with the increasing supply of n-3 FA supplements and n-3

FA enriched foods, created the interest to investigate the

consumption level of these foods and supplements as well

as their effect on the n-3 LC intake of Flemish women of

reproductive age. A good reason to focus on this subgroup

of the population lies in the importance of n-3 LC PUFA

during pregnancy and lactation. Moreover, the develop-

ment of appropriate dietary habits of this subgroup of the

population will (1) influence the dietary habits of their

children and (2) influence the dietary habits of themselves

and their partners in the future, which can help to prevent

both for CVD during later life.

So, the two specific objectives of this study were (1) to

collect data on the consumption of n-3 PUFA supplements,

n-3 PUFA enriched foods and foods naturally rich in n-3

LC PUFA for Flemish women of reproductive age and (2)

to calculate and evaluate the overall intake of n-3 LC

PUFA, i.e. the sum of EPA and DHA, and assess the

influence of the supplements and enriched foods on the

overall EPA&DHA intake for Flemish women of repro-

ductive age.

Materials and Methods

Very few dietary assessment methods are available to

adequately assess the intake of n-3 LC PUFA [12, 13].

Since fish is the most important source of n-3 LC PUFA

and fish is episodically consumed, a long term dietary

assessment method is needed. In Australia, a 28-item semi-

quantitative food frequency questionnaire (FFQ) has

recently been developed and compared with a 3 day dietary

record as well as with the n-3 LC PUFA content of red

blood cells and plasma [12, 14]. This FFQ was found to be

a valid and reproducible method that can be used to esti-

mate the n-3 LC PUFA intake of healthy adults and is

available online. However, since the food items of this FFQ

are not representative of the Flemish and Belgian market

and the Belgian food habits, it was not useful for this study.

Therefore, a new FFQ was developed.

Market Study

In order to include all relevant supplements and food items

in the FFQ, a market study was made to list all n-3 PUFA

food supplements and all food products containing a

labelling on the package indicating the presence of and/or

enrichment with n-3 PUFA. During the months August,

September, and October 2008, all important supermarket

chains in two provinces of Flanders were visited and the

relevant food items for this study were listed together with

their n-3 PUFA content. In addition, different pharmacies,

drugstores and bio-shops were visited as well. At the same

time, photos of the relevant products were made for use in

the FFQ.

Food Frequency Questionnaire

Based on the knowledge of the market study, a semi-

quantitative FFQ was developed with the objective of

collecting data on the consumption of n-3 PUFA supple-

ments, food items enriched with n-3 PUFA, and food items

naturally rich in n-3 LC PUFA (seafood and seaweed). This

type of FFQ assesses the type of product consumed as well

as the amount by asking the respondent to indicate the

portion they regularly consume in a list of portion size

options.

The FFQ started with questions on some socio-

demographic and personal characteristics: year and country

of birth, number of family members, weight, height,

highest level of education, smoking behavior, presence of

some diseases (high cholesterol, cardiovascular diseases,

cancer, high blood pressure, food allergies, obesity, dia-

betes) for themselves or family members, pregnancy and/or

lactation, taking part in sports regularly, paying attention to

what they eat, and following a diet. In a second part of the

FFQ, the use of n-3 PUFA supplements during the last

2 months was probed, including the amount and frequency,

as well as the person who advised them to take n-3 PUFA

supplements. Next, the habitual consumption of foods

naturally rich in n-3 LC PUFA and foods enriched with n-3

PUFA was probed, divided in eight different categories: (1)

seafood and seaweed, (2) eggs, (3) bread, (4) meat, meat
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products and vegetarian substitutes, (5) margarines, (6)

cooking/frying fat, (7) mayonnaise and dressings, (8) dairy

and soy products. Before finalizing the FFQ, a pre-test was

performed with 40 participants, of whom 37 completed and

returned the questionnaire, to test the comprehensiveness

of the questionnaire.

It was decided to work with an FFQ in paper version

(not online). The FFQ was developed with Teleform

Designer version 10.1 for an automatic scanning. The FFQ

was distributed together with a letter explaining the pur-

pose of the study, instructions on how to complete the FFQ

and some photos to illustrate the products about which

questions were asked. The FFQ was self-administered by

the subjects.

Population Sample

Study volunteers were recruited in February 2009 via a

convenience sample strategy, using relatives, colleagues

and friends. There were no exclusion criteria, other than the

fact that the participants needed to be women between 18

and 39 years old living in Flanders. After the first week of

data collection, extra efforts were made to make sure that

all age categories were equally divided in the study sample

group. In total, 500 FFQs were distributed and needed to be

returned within a period of 2.5 weeks.

The questionnaire and the study protocol were approved

by the Ethical Committee of the Ghent University Hospital.

All participants signed an informed consent form before

completing the questionnaire.

Fatty Acid Composition

The second objective of this study was to calculate the

intake of LC n-3 PUFA. For this, only EPA and DHA were

considered (not DPA, since there is a lack of composition

data for this fatty acid). In order to achieve this objective,

concentrations of EPA and DHA for the different food

items in the FFQ were needed. For the first food group in

the FFQ, i.e. fish and other seafood, EPA&DHA concen-

trations for four different subgroups were determined: (1)

lean fish (\2% fat), (2) half-fatty fish (2–10% fat), (3) fatty

fish ([10% fat), and (4) crustaceans and mollusks. For each

subgroup, mean EPA&DHA concentrations were calcu-

lated according to the concentration in the Dutch food

composition database as well as data provided by the

Belgian Health Council and using a weighting factor to

represent the relative frequency of consumption of each

fish species by the Belgian population, determined through

the pan-European SEAFOODplus consumer survey and by

the Belgian Health Council [15–17]. The EPA&DHA

concentrations of two types of seaweed (wakame and kelp)

were found in the American food composition database

[18], for a third type (nori) data were received from the

Japanese scientist Dr. Onishi (personal communication).

For margarines and eggs, the only available n-3 enriched

foods containing EPA&DHA, the EPA&DHA concentra-

tions indicated on the package were used.

To calculate the contribution of the n-3 PUFA supple-

ments to the EPA&DHA intake, the concentrations indi-

cated on the packages were used for those women who

indicated the brand name of the supplement they used. For

those women who did not give these details, a mean

EPA&DHA concentration of all the available supplements

was used.

Evaluating the EPA&DHA Intake

Different recommendations exist for evaluating the intake

of EPA&DHA. The International Society for the Study of

Fatty Acids and Lipids (ISSFAL) recommends a minimum

intake of EPA&DHA of 500 mg/day in view of cardio-

vascular health [19]. For recommendations to pregnant and

lactating women, ISSFAL refers to the work recently done

by the Perinatal Lipid Intake Working Group (PeriLip),

that recommends a dietary intake of n-3 LC PUFA that

supplies a DHA intake of at least 200 mg/day [3]. The

Belgian Health Council recommends for adults an

EPA&DHA intake equal to 0.3% of the total energy intake

[20]. It is, however, hard to translate this recommendation

for the current study since we have no information on the

energy intake of the respondents. Therefore, the ISSFAL

and PeriLip recommendations are used for the evaluation.

Statistics

The normality of the continuous variables was tested using

a Kolmogorov–Smirnov test (P value \0.01). To investi-

gate correlations between two continuous variables, of

which at least one was not normally distributed, Spear-

man’s correlations were used (P value\0.05). To look for

significant differences between two groups for a non-

normal, continuous variable, a Mann–Whitney U test was

used (P value \0.05). To test for significant differences

between more than two groups, a Kruskal–Wallis test

(P value \0.05) was used. To study associations between

two discontinuous variables, a Pearson v2- test was used

(P value \ 0.05).

Results

Market Study

In total, 202 food items were found on the Belgian market

carrying on the package an indication that they contained
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n-3 PUFA. Of these, 50 (23%) were fish and other seafood,

25 (11%) were ALA-containing oils. The others were

margarines (n = 35; 16%), vegetarian substitutes (n = 18;

8%), soy drinks and soy desserts (n = 17; 8%), mayon-

naise and dressings (n = 14; 6%), yoghurts (n = 13; 6%),

meat products (n = 11; 5%), butter (n = 3; 1%), eggs

(n = 5; 2%), milk (n = 2; 1%), cream (n = 2; 1%), cheese

(n = 2; 1%), and five others (e.g. including biscuits and

chocolate spread). Of these food items, only one brand of

eggs and four brands of margarine contained EPA&DHA,

besides ALA.

In addition, 139 different n-3 PUFA supplements were

found, produced by 46 different producers. These supple-

ments were found in the form of oils, capsules and tablets.

Several brands had also a special supplement for children.

Participation Rate and Sample Characteristics

Of the 500 distributed FFQs, 421 were returned after

completion, leading to a response-rate of 84.2%. However,

seven of them were excluded since (1) they were com-

pleted by men, (2) they were completed by women younger

than 18 or older than 39, (3) they did not complete the

question about the n-3 PUFA supplement use, or (4) they

did not complete the question about the fish and other

seafood consumption. This led to a total study population

of 414 women, of which 18 were pregnant and five were

breastfeeding.

The sample characteristics are shown in Table 1. This

table shows that the younger age category (\25 years old)

is oversampled, as well as the part of the population fol-

lowing or have followed higher education. As a conse-

quence, 62% of the population is still studying.

Consumption of n-3 PUFA Supplements, n-3 PUFA

Enriched Foods and Foods Naturally Rich in n-3 LC

PUFA

The first objective of this study was to collect data on the

consumption of n-3 PUFA supplements, n-3 PUFA enri-

ched foods (eggs, bread, meat (products) and vegetarian

substitutes, margarines, cooking/frying fat, mayonnaise

and dressings and dairy and soy products) and foods nat-

urally rich in n-3 LC PUFA (fish, other seafood and sea-

weed) by Flemish women of reproductive age. Figure 1

shows the percentage of users within the study population

for these supplements and food items. The results indicate

that fish and other seafood are consumed by the majority of

the study population, whereas seaweed is only consumed

by 7% of the participating women. Of the total population,

only 12 women (3%) never consumed any fish or seafood.

Concerning the n-3 PUFA enriched foods, margarine and

cooking/frying fat are the most frequently used products,

while n-3 PUFA enriched eggs are the least popular. n-3

PUFA containing supplements are only consumed by 5%

of the participating women (n = 21). Of these 21 women,

12 used it on own initiative, 6 on medical advice, and 3 for

other reasons (e.g. advice of parents or pharmacist). Within

this group of supplements users, four women were preg-

nant (i.e. 22% of the pregnant women in this population

sample) and one woman was breastfeeding. The Pearson

v2- test found significant associations between n-3 PUFA

supplement usage and (1) being pregnant (P value =

0.001), (2) being on a diet (p-value = 0.022), (3) having a

food allergy (P value = 0.028), and (4) paying attention to

what they eat (P value = 0.022). Only 4.6% (19 women)

never used any n-3 PUFA enriched food or n-3 PUFA

containing supplement.

The Intake of EPA&DHA

The second objective of this study was to calculate the

intake of EPA&DHA, two n-3 LC PUFAs, via foods

Table 1 Sample characteristics (n = 414)

Age (years, mean ± standard deviation) 27.7 ± 6.1

Age categories (%)

18–19 years 5.1

20–24 years 33.8

25–29 years 22.9

30–34 years 20.8

35–39 years 17.4

BMI (kg/m2: mean ± standard deviation) 22.4 ± 3.3

BMI categories (%)

B18.5 kg/m2 6.5

18.5–25 kg/m2 74.2

25–30 kg/m2 15.5

C30 kg/m2 3.5

Born in Belgium (%)

Yes 95.7

Smoking (%)

Yes 22.0

Family size (%)

1 or 2 persons 33.2

3 or 4 persons 49.4

5 or more 17.4

Working status (%)

Student 61.8

Working 35.0

Unemployed or housewife 3.2

Education (%)*

B18 years 47.1

[18 years 52.9

* Refers to the age up to which the respondents went to school
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naturally rich in these fatty acids (fish, other seafood and

seaweed), via n-3 enriched foods containing EPA&DHA

(margarines and eggs), and via n-3 PUFA supplements. The

results are shown in Table 2. The contribution of each

EPA&DHA source is shown in Table 3, in absolute values

(mg/day) and percentage, together with the mean and

median consumption level of each EPA&DHA source. The

EPA&DHA intake was found to be non-normally distrib-

uted (P value \0.001), which is also illustrated by the dif-

ference between the mean and median intake (276 vs.

199 mg/day). A significant and positive correlation was

found between the EPA&DHA intake and the age (corre-

lation coefficient = 0.181, P value\0.001). No correlation

was found with BMI. The Mann–Whitney U test found a

Fig. 1 The percentage of users

of foods naturally rich in n-3 LC

PUFA, n-3 PUFA enriched

foods and n-3 PUFA

supplements

Table 2 The EPA&DHA intake (mg/day) for the overall study population (414 women) as well as for subgroups of the population

EPA&DHA intake (mg/day)

Mean ± SD Minimum Median Maximum

Total population (n = 414) 276 ± 362 0 199 4642

Consumers of n-3 foods (n = 395) 281 ± 368 0 209 4642

Supplement users (n = 19) 1067 ± 997 26 998 4642

Pregnant women (n = 18) 328 ± 323 0 232 1331

Breastfeeding women (n = 5) 299 ± 241 80 205 676

Non-consumers of n-3 foods and supplements (n = 19) 181 ± 209 0 118 871

SD standard deviation

Table 3 Mean and median consumption level of the different EPA&DHA sources as well as their absolute and relative contribution to the

overall EPA&DHA intake (average data for the whole population, n = 414, including non-consumers per EPA&DHA source)

Mean consumption

(g/week)

Median consumption

(g/week)

EPA&DHA intake

(mg/day)

Contribution to total

EPA&DHA intake (%)

Fatty fish 43.4 25.0 130.7 47.5

Half-fatty fish 38.3 12.5 10.9 4.0

Lean fish 94.6 62.5 54.3 19.7

Molluscs & crustaceans 45.1 17.5 39.1 14.2

Seaweed 0.5 0.0 0.1 0.0

n-3 eggs 0.1 0.0 0.4 0.1

n-3 margarines 38.0 7.5 8.0 2.9

n-3 supplements 0.1 0.0 31.5 11.4
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significant difference in the EPA&DHA intake for (1) the

supplement users (P value \0.001), (2) the consumers of

fish and other seafood (P value \0.001), (3) those paying

attention to what they eat (P value = 0.014), (4) those

doing sports regularly (P value = 0.017), (5) those having a

high cholesterol (P value = 0.018) and (6) those who are

currently suffering from cancer or had done so in the past

(P value = 0.046). No significant difference in EPA&DHA

intake were found according to BMI category, being a

student versus working, education level, number of family

members, smoking, and certain diseases within the family.

The intake of EPA&DHA was compared to the ISSFAL

recommendation of 500 mg/day [19]. The ISSFAL rec-

ommendation was only achieved by 48 of the 414 women

(11.6%) participating in this study. Another 11.6% had an

intake between 375 and 500 mg/day, whereas, respec-

tively, 18.6, 22.9, and 35.3% had an intake between 250

and 375 mg/day, 125 and 250 mg/day and 0 and 125 mg/

day.

Discussion

This study investigated the consumption level of n-3 PUFA

supplements, n-3 PUFA enriched foods and foods naturally

rich in n-3 LC PUFA of Flemish women of reproductive

age (18–39 years old). With the collected consumption

data, the intake of n-3 LC PUFA, EPA&DHA, was cal-

culated and evaluated against the ISSFAL recommenda-

tion. Two important limitations of the study are (1) that due

to time and budget constraints, it was impossible to work

with a random sample and (2) there was no validated FFQ

available that was applicable for the Belgian population.

As alternative, a convenience sample strategy and a newly

developed FFQ was used. This FFQ was pretested before to

ensure the comprehensiveness and the quality of the col-

lected data. It is, however, difficult to generalize the results

based on a convenience sample to the overall population of

Flemish women of reproductive age. Nevertheless, we tried

to collect a large sample of women (n = 414) from dif-

ferent age categories and with a different working status

and education level (see Table 1).

During the start of this study, an important problem was

encountered, i.e. identifying the n-3 enriched foods. The

market study had as objective to list all available n-3 PUFA

supplements as well as all n-3 PUFA enriched foods. For

the latter, the criterion was that the package of the food

items contained a label indicating the presence of and/or

enrichment with n-3 PUFA. When considering n-3 PUFA

enriched food, it is good to differentiate food items enri-

ched in a direct and in an indirect way. In direct enriched

food items, an extra nutrient, e.g. ALA or EPA&DHA, is

added to the product at the end of the production process.

Examples are bread and mayonnaise enriched with ALA by

using ALA-rich oils in the production process, or marga-

rines enriched with EPA&DHA. Direct enrichment with

EPA&DHA became possible as technology made it

achievable to produce high quality, deodorized, and stabi-

lized oils enriched with LC n-3 PUFAs [21]. Indirect

enrichment is performed via modification of animals’ diet.

In this respect, research efforts to increase the n-3 (LC)

PUFA content of terrestrial animal products by enriching

the animals’ feed contributed to improving the overall

intake of n-3 (LC) PUFAs [22]. Examples are chickens

partially fed with fish meal that produce eggs containing

EPA&DHA, cows fed with linseed enriched feed produc-

ing ALA-rich milk and meat. Producers of these directly

and indirectly enriched foods indicate the presence of these

n-3 PUFA on the packages of their food items. However,

during the market study we experienced that also food

items naturally rich in n-3 PUFA, e.g. ALA-rich oils and

soy based desserts—thus, foods that did not undergo a

modification—contained a label indicating the presence of

n-3 PUFA. This made it difficult to really separate the

enriched ones from the others.

In addition, it was found that most of the n-3 PUFA

enriched foods available on the Belgian market are enri-

ched with ALA and not with EPA&DHA. Eggs and mar-

garines were the only available directly enriched food

items containing EPA&DHA, so the only food items that

could contribute to the n-3 LC PUFA intake of the studied

women.

Another problem encountered was to find data on the

EPA&DHA content of seaweed. Food composition tables

as well as the scientific literature lack data on this issue. If

these kinds of alternative EPA&DHA sources were to

become more important in the future, these data would be

very relevant. Moreover, for enriched margarines and eggs,

EPA&DHA contents as reported on the packages were

used. However, since inaccurate reporting on some labels

exists, these data include a factor of uncertainty.

The results of this study showed that n-3 PUFA sup-

plements are used by 5% of the Flemish women of

reproductive age. A significant association was found

between those who are pregnant, those who follow a diet,

those who have a food allergy and those who report that

they pay conscious attention to what they eat. This can be

linked with the conclusion of Reinert et al. [23] that using

dietary supplements is in general related to a healthier

lifestyle.

This study also indicated that, although the supply of n-3

PUFA enriched foods is increasing, there still remains a big

gap between the actual EPA&DHA intake and the one

recommended. Of the women of reproductive age, 58.2%

do not even reach 50% of the recommended intake.

Although the mean and median EPA&DHA intake of the
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pregnant and breastfeeding women is a bit higher than the

overall mean and median intake, their intake is still far

removed from the ISSFAL recommendation as well as

from the advice of the PeriLip working group who rec-

ommended an intake of DHA only equal to at least

200 mg/day. When comparing the calculated EPA&DHA

intake of this study to the calculated EPA&DHA intake of

Flemish women in 2002, a slight increase is found over the

7 years, from 209 to 276 mg/day, which can be explained

by an increased fish and seafood consumption as well as by

the use of n-3 PUFA supplements and eggs and margarines

enriched with EPA&DHA. Moreover, the results can also

be influenced due to an oversampling of more highly

educated women.

EPA&DHA intake was positively correlated with age,

which means that older women (within the groups of

women between 18 and 39 years old) tend to have a higher

EPA&DHA intake. In addition, a significant association

was found between the EPA&DHA intake on the one hand

and suffering from high blood cholesterol, using supple-

ments, doing sports regularly and reportedly paying con-

scious attention to what they eat on the other hand. These

findings show that, in the future, efforts aiming to increase

the EPA&DHA intake should focus on those people who

do not tend to change their dietary habits on their own

initiative and need extra support and information to con-

vince them to change their diet.

Finally, it was also found that fish and other seafood

remain the most important source of EPA&DHA intake.

Accordingly, appropriate fish and other seafood consump-

tion is the most probable solution to attaining a diet that

would meet the recommendations for EPA&DHA. Within

fish and seafood, small fatty fish species (e.g. herring,

anchovy, sardine, sprat) are most likely to increase the

intake of EPA&DHA in a safe way, due to their high LC

n-3 PUFA and low contamination load. In the light of the

depletion of fish stocks, other (sustainable) strategies are

needed to help increase the EPA&DHA intake without

creating an ecological problem. In this study, it was found

that n-3 PUFA enriched foods do not really help to fill the

gap between EPA&DHA intake and recommendation

because (1) most of the n-3 PUFA enriched foods contain

solely ALA and (2) those that contain EPA&DHA (eggs

and margarine) only contribute very marginally to the

overall intake. Enriching more foods with EPA&DHA

would be an option, with the condition that sustainable

sources of EPA&DHA are used, e.g. algae. In contrast, this

study indicated that the use of n-3 PUFA supplements in

general leads to a much higher EPA&DHA intake and

helps to reach a an intake higher than the one recom-

mended. However, these supplements are quite expensive,

most of them rely on fish oil (and are therefore not a

sustainable source) and as most nutritionists think, they

should not be considered as magic bullets to convert an

unhealthy diet into a healthy one. Therefore, diet-based

approaches increasing the supply of n-3 LC PUFA in the

food chain are preferable to the use of supplements.

However, supplements based on sustainable sources can be

a solution for specific subgroups with an increased need

e.g. vegetarian women, pregnant women or patients with

cardiovascular diseases.

A first promising and more sustainable solution to

increase EPA&DHA supply and intake is to cultivate algae

for supplements and direct and indirect enrichment. Algae

are the original source of n-3 LC PUFA in fish and, as

stated by Winkler [24], the option exists to use them

directly for human consumption. Another option is the

production of microbial oils, otherwise referred to as sin-

gle cell oils (SCO), based on a DHA-producing organism

that can grow in large-scale industrial fermenters. For

example, Crypthecodinium cohnii produces a triacylglyc-

erol oil in which DHA can reach levels between 40 and

50% of the total fatty acids and, moreover, occurs as the

sole PUFA. Currently, the major application of these SCOs

is in the form of a supplement for infant nutrition [25]. A

third alternative way to increase the supply of n-3 LC

PUFAs is through metabolic engineering in plants which

manipulates the lipid metabolism and leads to the pro-

duction of novel plant oils [26, 27]. It is also worth

mentioning that recent studies report on the development

of transgenic pigs able to convert n-6 PUFAs to n-3

PUFAs [28, 29]. However, long period of research and a

long regulatory path will be needed before they will be

able to enter the food chain, that is if ever they do, because

a lot of controversy still exists with regard to the presence

of transgenic foods on the market.

Conclusion

Although a variety of n-3 PUFA supplements and n-3

PUFA enriched foods are on the market and although a lot

of media attention is paid to these n-3 PUFA, this study

illustrated that an important gap remains between the actual

EPA&DHA intake and that recommended within the group

of Flemish women of reproductive age. However, these

women are responsible for the health of the next genera-

tion, partly during the pregnancy and lactation period and

partly during the first decades of their children’s lives when

they highly influence the dietary habits of their offspring.

New and sustainable strategies will be needed to help all

people (including the less health-consciousness) to increase

their EPA&DHA intake in a sustainable way and to

improve public health during the next decades.
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Abstract Oxidized low-density lipoprotein (ox-LDL)

plays a key role in the progression of atherosclerosis and

diabetes complications. The aim of this study was first, to

evaluate the association between ox-LDL and diabetes

duration, and second, to examine serum level of ox-LDL in

patients with prolonged diabetes and a desirable LDL-cho-

lesterol level. A total of 36 type-2 diabetic patients with a

diabetes duration of more than 5 years, 36 newly diagnosed

diabetic patients, and 36 age-, sex- and BMI-matched

healthy participants were recruited. Healthy participants and

newly diagnosed patients were not receiving any treatment.

All patients with prolonged diabetes had desirable

LDL-cholesterol levels (\100 mg/dL), according to the

adult treatment panel-III guidelines. While LDL-cholesterol

was significantly lower in patients with diabetes duration

[5 years, in comparison to newly diagnosed patients

(P \ 0.01), ox-LDL was significantly higher in patients with

prolonged diabetes (P \ 0.001). The ox-LDL-to-LDL ratio

was dramatically higher in patients with diabetes duration

[5 years in comparison to newly diagnosed patients and

healthy participants (P \ 0.001). Ox-LDL was significantly

associated with diabetes duration (r = 0.519, P = 0.001). In

multivariate analysis, this association remained significant

(b = 0.501, P = 0.003) after adjustment for potential

confounders. In conclusion, this study showed that the serum

ox-LDL level increases with the length of diabetes, even

though the patients’ LDL-cholesterol level is maintained at a

desirable level. Our findings highlight that possibly more

attention should be focused on markers of oxidative stress in

the management of lipids in diabetic patients.

Keywords Diabetes mellitus � Duration � Ox-LDL
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Introduction

Oxidation of low density lipoprotein (LDL) is a key process

in the early progression of atherosclerotic diseases and dia-

betes complications [1–3]. Oxidized LDL (ox-LDL), derived

from LDL-cholesterol under oxidative stress, encompass

many atherogenic properties. Several studies have reported

the strong association of increased serum ox-LDL level, high

serum malondialdehyde and presence of auto-antibodies

against ox-LDL, with atherosclerosis, diabetes and its com-

plications [4–7]. Ox-LDL is an independent predictor of

endothelial dysfunction [8], with pro-inflammatory, pro-

thrombotic, and pro-apoptotic properties in individuals suf-

fering from oxidative stress, such as diabetic patients [9].

It is widely encouraged to maintain serum LDL-choles-

terol below certain levels in diabetic patients [10]. It has

been demonstrated that statins can have an influence on the

ox-LDL level [11]. However, the efficacy of this function is

not well documented in vivo [12]. It is yet to be examined

whether maintaining serum LDL-cholesterol at a desirable

level is sufficient to reduce the most atherogenic derivates of

LDL-cholesterol, i.e. ox-LDL.

Guidelines for the management of the lipid profile in

diabetic patients are mainly focused on controlling LDL-

cholesterol, triglycerides (TG), high density lipoprotein-

cholesterol (HDL) and total cholesterol [10]. Yet, no account

is taken of some other important atherogenic lipids such as

ox-LDL. It was decided that it would be interesting to

evaluate how the ox-LDL level changes in our routine

practice for lipid control in diabetic patients. In this study, we

decided to evaluate two important subjects: first, to evaluate

the association between ox-LDL and diabetes duration, and

second, to examine serum level of ox-LDL in patients with

prolonged diabetes and a desirable LDL-cholesterol level.

Methods

Participants

This cross-sectional hospital-based study was conducted

from February 2008 to April 2009 in the outpatient diabetes

clinic of a university general hospital. A total of 36 type-2

diabetic patients with a diabetes duration of more than

5 years, 36 newly diagnosed type-2 diabetic patients, and

36 age-, sex- and BMI-matched healthy participants were

recruited. Diabetes mellitus was diagnosed according to

the criteria of the American Diabetes Association [13].

Newly diagnosed diabetic patients were not taking oral

hypoglycemic agents, aspirin, insulin, statin, and anti

hypertensive medications. All patients with diabetes dura-

tion [5 years had a desirable LDL-cholesterol level

(\100 mg/dL), according to the adult treatment panel

(ATP) III guideline [10]. Smokers, patients with proteinuria

or renal involvement (creatinine [ 1.5 mg/dL or GFR \
70 cc/min), patients receiving anti-oxidants and those with

evidence of glomerulonephritis, congestive heart failure,

hypo and hyperthyroidism were not included. Demographic

and anthropometric data including age, sex, duration of

diabetes, height, weight in light clothing and blood pressure

(in sitting position after 10 min rest) were recorded. Blood

pressure was re-measured twice after 5 min and averaged.

The body mass index (BMI; kg/m2) was calculated

according to the Quetelet formula.

The research was carried out according to the principles

of the Declaration of Helsinki. The local ethics review

committee of Tehran University of Medical Sciences

approved the study protocol. All participants gave written

informed consent before participation.

Blood Samples

Blood samples were collected after almost 12 h of fasting

and, serum creatinine, fasting plasma glucose, total

cholesterol, TG, HDL-cholesterol, LDL-cholesterol and

HbA1C were measured. Glucose measurements [intra-assay

coefficient of variants (CV) 2.1%, inter-assay CV 2.6%]

were carried out using the glucose oxidase method. Cho-

lesterol, HDL-cholesterol, LDL-cholesterol and TG were

determined using direct enzymatic methods (Parsazmun,

Karaj, Iran). HbA1C was estimated by High-Pressure

Liquid Chromatography (HPLC) Method. Ox-LDL was

measured using a commercially available sandwich

enzyme-linked immunosorbent assay (ELISA, Mercodia,

Uppsala, Sweden). The intra- and inter-assay coefficient of

variation for the assay ranged between 4.5 and 7%. The

detection limit was B0.03 U/L.

Statistical Analysis

Data were analyzed using SPSS software (version 16.0;

SPSS Inc., Chicago, USA). Continuous variables are

expressed as means ± standard errors of mean (SEM).

Comparison between the three groups was performed using

analysis of variance (ANOVA) with Scheffé post hoc.

Adjusted partial correlation coefficients were calculated

among variables. Multivariate regression analysis, with ox-

LDL as the outcome, was used to evaluate the independent

association between ox-LDL and the duration of diabetes.

P \ 0.05 was considered statistically significant.

Results

Characteristics of the study participants are presented in

Table 1. There were no significant differences between
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groups with respect to systolic and diastolic blood pressure,

HbA1C, creatinine, cholesterol and HDL-cholesterol.

Serum TG level was significantly higher in diabetic

patients. In patients with a diabetes duration of more than

5 years, 4 patients were not receiving anti-diabetic treat-

ments, 29 patients were using oral hypoglycemic agents

(Metformin and/or Glibenclamide), and 8 were on insulin

treatment. Fourteen patients (38.9%) with diabetes duration

more than 5 years were on antihypertensive treatment

(angiotensin converting enzymes inhibitors, angiotensin

receptor blockers and/or beta blockers) and 12 patients

(33.3%) were using statin. While LDL-cholesterol was

significantly (P \ 0.01) lower in patients with diabetes

duration of more than 5 years (89.95 ± 4.47) in compari-

son to newly diagnosed (116.63 ± 4.32) patients, ox-LDL

was significantly higher in patients with prolonged diabetes

versus newly diagnosed patients (81.43 ± 1.65 vs.

45.50 ± 1.49; P \ 0.001). The ox-LDL-to-LDL ratio was

significantly (P \ 0.001) higher in patients with a diabetes

duration [5 years (0.94 ± 0.05) in comparison to newly

diagnosed (0.42 ± 0.02) patients and healthy (0.42 ± 0.02)

participants (Fig. 1). There were no significant differences

in ox-LDL in patients receiving statins or not.

After adjustment for age, sex and BMI, ox-LDL was

significantly (P \ 0.05) associated with fasting plasma

glucose (r = 0.337) and TG (r = 0.312) in healthy par-

ticipants. In diabetic patients, ox-LDL was significantly

associated (r = 0.519, P = 0.001) with diabetes duration

(Fig. 2). In multivariate regression analysis, the association

between diabetes duration and ox-LDL remained signifi-

cant (b = 0.536, P \ 0.001) after adjustment for age, sex,

BMI, cholesterol, LDL-cholesterol, systolic and diastolic

blood pressure, HbA1c, creatinine and fasting plasma

glucose. In all the three groups, there was no significant

association between ox-LDL and LDL-cholesterol.

Discussion

In this study, we showed that ox-LDL is significantly

associated with the duration of diabetes. Multivariate

regression analysis revealed that the association between

Table 1 Characteristics of participants in the three groups

Healthy participants (n = 36) Diabetic patients Pa

New cases (n = 36) Duration [ 5 years (n = 36)

Gender (females) 18 (50.0%) 18 (50.0%) 18 (50.0%) NSb

Age (year) 48.92 ± 1.33 49.17 ± 1.58 49.51 ± 1.59 NS

Body mass index (kg/m2) 27.40 ± 0.53 28.34 ± 0.74 28.81 ± 0.86 NS

Duration of diabetes (months) – – 8.22 ± 0.86 –

Systolic blood pressure (mmHg) 120.14 ± 1.94 125.25 ± 2.75 127.03 ± 3.61 0.215

Diastolic blood pressure (mmHg) 78.75 ± 1.22 80.00 ± 1.79 78.38 ± 1.83 0.766

Fasting plasma glucose (mg/dL) 90.61 ± 1.21 187.22 ± 7.57*** 208.38 ± 13.06 \0.001

HbA1c (%) – 8.18 ± 0.33 8.40 ± 0.33 0.634

Treatment with statins (n, %) – – 12 (33.3) –

Anti diabetic drugs (n, %)

Oral agent – – 29 (80.6) –

Insulin – – 8 (22.2) –

Anti hypertensive drugs (n, %) – – 14 (38.9) –

Creatinine (mg/dL) 0.89 ± 0.03 0.91 ± 0.03 0.96 ± 0.03 0.856

Triglyceride (mg/dL) 145.64 ± 9.83 213.75 ± 24.11 230.35 ± 21.47 0.007

Cholesterol (mg/dL) 200.36 ± 7.44 201.72 ± 6.47 192.43 ± 7.75 0.679

HDL-cholesterol (mg/dL) 45.78 ± 2.01 42.56 ± 1.61 42.46 ± 1.95 0.365

LDL-cholesterol (mg/dL) 106.14 ± 4.21 116.63 ± 4.32 89.95 ± 4.47� 0.006

Variables are expressed as means ± standard errors of mean (SEM)
a The P values are derived from analysis of variances (ANOVA) among the 3 groups
b Groups are matched for age, sex and BMI

* P \ 0.05, **P \ 0.01, ***P \ 0.001 when comparing new cases of diabetes and healthy participants
� P \ 0.05, �P \ 0.01, ��P \ 0.001 when comparing new cases and patients with a diabetes duration of more than 5 years
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ox-LDL and diabetes duration was independent of age, sex,

BMI, serum lipids, glycemic control and creatinine. Inter-

estingly, our results suggested that maintaining an opti-

mized level of LDL-cholesterol, according to guidelines for

management of lipids in diabetic patients [10], does not

sufficiently influence the ox-LDL level. Furthermore, we

showed that ox-LDL levels corrected for LDL-cholesterol

concentrations (ox-LDL/LDL-cholesterol: the proportion

of oxidatively modified LDL to total LDL-cholesterol

particles) significantly correlates to the diabetes duration.

In agreement with our findings, it has been shown that

ox-LDL is associated with fasting plasma glucose [14, 15].

It was reported that serum ox-LDL levels are significantly

higher in diabetic patients than healthy individuals [8, 16,

17]. In a study by Gokulakrishnan et al. [18] the mean level

of ox-LDL in diabetic patients was higher than subjects

with impaired glucose tolerance. Our results showed the

association in patients with different durations of diabetes.

Ox-LDL (or oxidation ratio of LDL-cholesterol) is reported

to have a significant association with diabetes macro- and

microvascular complications [6, 19–22]. Our findings,

alongside with the results of the previous studies showing

that high plasma ox-LDL levels are predictors of subclin-

ical and clinical atherosclerosis [23–25], indicating that

controlling ox-LDL level, may prevent the progression of

atherosclerotic complications at an early stage.

The origin of ox-LDL is not completely understood. It has

been suggested that ox-LDL could be formed enzymatically

and/or by metal ion-catalyzed reactions within the circula-

tion [26]. Nevertheless, relative importance of enzyme-

mediated and non-enzyme-mediated LDL-cholesterol

oxidation remains unclear [27]. These mechanisms are

enhanced in diabetic status and progress with diabetes

elongation. Increased sensitivity of LDL-cholesterol to

oxidation in diabetic patients has been shown in several

studies [28, 29]. LDL-cholesterol glycation may represent a

predisposing event that facilitates subsequent oxidative

modification [28, 29]. Advanced glycosylated end-products

(AGEs) may induce the production of ox-LDL from mac-

rophages, even though they do not directly cause oxidation

of LDL-cholesterol [30]. Our results support the mecha-

nisms for enhancement of oxidative stress in parallel with an

increase in diabetes duration.

Diabetes is a progressive inflammatory condition. As the

disease becomes prolonged, elevated free radical formation,

elevated inflammatory cytokines and an overwhelming

Fig. 1 Mean values of ox-LDL (U/L), LDL-cholesterol (mg/dL), and

ox-LDL to LDL-cholesterol ratio (ox-LDL/LDL-C) in the three

groups. Although LDL-cholesterol was kept in the desirable range

(\100 mg/dL) in patients with diabetes duration of more than 5 years,

the serum level of ox-LDL was still escalating (a). The contribution

of the oxidized form of LDL to the total LDL-cholesterol was

significantly higher in patients with prolonged diabetes (b). Groups

were matched for age, sex and BMI. *P \ 0.05, **P \ 0.01,

***P \ 0.001 when comparing patients with prolonged diabetes

versus newly diagnosed patients. Handles represent standard error of

mean

Fig. 2 Scatter plot demonstrating the significant correlation

(r = 0.519, P = 0.001) between diabetes duration and ox-LDL
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endogenous anti-inflammatory response, propagate the

oxidative stress in diabetic patients [31, 32]. It can be

hypothesized that, alongside with the progression of the

inflammatory status, ox-LDL increases with the chronicity

of diabetes [33]. It was shown that ox-LDL is associated

with hypercholesterolemia and high serum LDL-cholesterol

[34, 35]. Surprisingly, in our results, we found a significant

increase in the ox-LDL level in parallel with a decrease in

the LDL-cholesterol level in patients with prolonged dia-

betes. Our findings can suggest that possibly the chronicity

of diabetes is a potential mechanism that can independently

increase the level of ox-LDL in diabetic patients. It has

already been shown that a change in the ox-LDL level

certainly does not occur in parallel with a change in the

LDL-cholesterol level. As described by Holvoet [36],

impaired glycemic control is associated with an in vivo

increase in LDL-cholesterol oxidation irrespective of

decreased or stable LDL-cholesterol levels. It has also been

reported that a reduction in LDL-cholesterol can occur

along with an unchanged ox-LDL level [37].

Maintaining LDL-cholesterol at less than 100 mg/dL is

widely encouraged in patients with diabetes [10]; however,

our results showed that keeping LDL-cholesterol in the

aforementioned range does not guarantee a safe level of

ox-LDL in diabetic patients as the disease becomes pro-

longed. As ox-LDL possesses its own consequences on the

progression of diabetic complications [6, 7], it would be

wise to try to reduce ox-LDL, alongside with controlling

the plasma lipid profile in a healthy state.

Many studies have shown the effects of statins,

3-hydroxy-3-methylglutaryl coenzyme A reductase inhibi-

tors, in lowering LDL-cholesterol and oxidative stress [11].

Of note, it has been demonstrated that statins reduce

ox-LDL production [38, 39], and decrease total body fat

oxidation [40]. A study by Van Tits et al. [41] reported a

decrease of 35–43% in ox-LDL by therapeutic intervention

with statins in patients with familial hypercholesterolemia.

Statins posses well-documented beneficial effects on vas-

cular redox state [42] and exert anti-inflammatory effects

[38, 43–45]. Nevertheless, it should be taken into account

that most of the studies on effects of statins on oxidative

stress are confined to in vitro researches and there are still

doubts about the in vivo effects of these agents. For

example, Bredie et al. [12] reported no changes in the

oxidative susceptibility of LDL-cholesterol after Simva-

statin therapy. In our study, approximately one-third of

patients with prolonged diabetes were receiving statins for

optimizing their serum LDL-cholesterol levels. There were

no significant differences in ox-LDL in patients receiving

statins or not. Regardless of statin treatment, patients with

prolonged diabetes had dramatically higher ox-LDL in

comparison to newly diagnosed patients. Here lies an

interesting finding of this study. It can be inferred from

our results that independent of the effect of keeping

LDL-cholesterol below 100 mg/dL, or using statins, there

are other more-influential mechanisms (possibly the chro-

nicity of diabetes) which increase ox-LDL on prolongation

of diabetes.

In reviewing this study, one should pay attention to the

limitations regarding using cross-sectional data, which

precludes a determination of the direction of causality.

Using the same ELISA kit as our study, it has been reported

that ox-LDL significantly correlates with LDL-cholesterol

[34, 41]. In our study, we were unable to show this asso-

ciation in any of our three groups. It should be noted that

because of the limited statistical power, this non-significant

association should be interpreted with caution. Further

prospective studies are paramount to evaluate the effects

of lipid lowering agents and/or anti-oxidants in lowering

ox-LDL in patients with different durations of diabetes.

In conclusion, this study showed that the serum ox-LDL

levels increase with the length of diabetes, even though the

patients’ lipid profiles are maintained at a desirable level.

Our findings highlight that possibly more attention should be

focused on markers of oxidative stress in the management of

lipids in diabetic patients.
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Abstract The aim of this study was to determine the impact

of pitavastatin on low-density lipoprotein cholesterol (LDL-

C) and lectin-like oxidized LDL receptor-1 (LOX-1) in

patients with hypercholesterolemia. Twenty-five hypercho-

lesterolemic patients (8 male, 17 female; age 66 ± 13,

21–80 years) who had not received anti-dyslipidemic agents

and had LDL-C levels of more than 160 mg/dL were exam-

ined. Biochemical factors were measured at baseline and after

treatment with pitavastatin (2 mg/day) for 6 months. Serum

levels of LOX-1 with apolipoprotein B-100 particle ligand

and a soluble form of LOX-1 (sLOX-1) were measured by

ELISA. All subjects completed the study with no adverse side

effects. Total-C (268 ± 26 vs. 176 ± 17 mg/dL), LDL-C

(182 ± 21 vs. 96 ± 14 mg/dL), and LOX-1 ligand

(867 ± 452 vs. 435 ± 262 ng/mL) were reduced with pita-

vastatin treatment (P \ 0.0001 for each). Significant

decreases in triacylglycerols were noted (P \ 0.0001), but

there were no changes in high-density lipoprotein cholesterol.

After 6 months, there were no significant changes in high-

sensitivity CRP or soluble LOX-1. At baseline, there were no

significant correlations between LOX-1 ligand and either

LDL-C or sLOX-1. The decrease in LOX-1 ligand was not

correlated with the decrease in LDL-C, but was correlated

with the decrease in sLOX-1 (r = 0.47, P \ 0.05). In con-

clusion, pitavastatin therapy had beneficial effects on markers

of oxidative stress in hypercholesterolemic subjects. Serum

T. Matsumoto (&) � H. Hayashi � M. Horie

Department of Cardiovascular and Respiratory Medicine,

Shiga University of Medical Science, Seta Tsukinowa, Otsu,

Shiga 520-2192, Japan

e-mail: tetsuyam@belle.shiga-med.ac.jp

M. Fujita

Human Health Sciences, Graduate School of Medicine,

Kyoto University, Kyoto, Japan

T. Sawamura � A. Kakino � Y. Sato � Y. Fujita

Department of Vascular Physiology, National Cardiovascular

Center Research Institute, Suita, Japan

H. Matsuda

Laboratory of Immunology, Department of Molecular

and Applied Biology, Graduate School of Biosphere Science,

Hiroshima University, Hiroshima, Japan

M. Nakanishi � K. Uchida

Biomarker Science Co., Ltd., Osaka, Japan

I. Nakae

Department of Internal Medicine, Jyohoku Hospital,

Kyoto, Japan

H. Kanda

Division of Internal Medicine, Hamamatsu Rosai Hospital,

Hamamatsu, Japan

A. Yoshida

Department of Internal Medicine, Mitsubishi Kyoto Hospital,

Kyoto, Japan

K. Miwa

Department of Internal Medicine, Nanto Family and Community

Medical Center, Toyama, Japan

K. Mitsunami

Department of Family Medicine, Shiga University of Medical

Science, Otsu, Japan

123

Lipids (2010) 45:329–335

DOI 10.1007/s11745-010-3402-7



levels of LOX-1 ligand may be a useful biomarker of the

pleiotropic effects of statins.

Keywords Pitavastatin �
Lectin-like oxidized low-density lipoprotein receptor-1

(LOX-1) � Pleiotropic effects

Abbreviations

LOX-1 Lectin-like oxidized LDL receptor-1

sLOX-1 Soluble LOX-1

LDL-C Low-density lipoprotein cholesterol

HDL-C High-density lipoprotein cholesterol

OxLDL Oxidized low-density lipoprotein

CRP C-reactive protein

ELISA Enzyme-linked immunosorbent assay

TAG Triacylglycerol

TC Total cholesterol

Introduction

Numerous clinical studies on statin therapy have demon-

strated that a reduction in plasma levels of low-density

lipoprotein cholesterol (LDL-C) prevents atherosclerotic

progression and decreases cardiovascular risk [1–3]. There

is a growing body of evidence that the oxidative modifi-

cation of LDL is involved in the progression of athero-

sclerosis. It has been reported that plasma levels of

oxidized LDL (OxLDL) were elevated in patients with

coronary artery disease, and were associated with plaque

instability in coronary artery disease [4, 5]. However, the

clinical study of LDL oxidation has been hampered by the

difficulty of a specific assay for plasma levels of OxLDL. It

has been shown that statins reduce the production of

reactive oxygen species through pleiotropic effects inde-

pendent of cholesterol reduction [6–8]. The effects of

statins on various circulating biomarkers of oxidative stress

have been reported in clinical studies.

Lectin-like OxLDL receptor-1 (LOX-1) is a receptor for

OxLDL that is mainly expressed in vascular endothelial

cells, and OxLDL uptake through this receptor may be

involved in endothelial dysfunction in atherogenesis [9, 10].

More recently, a novel sandwich enzyme immunoassay for

LOX-1-ligand, which uses a recombinant soluble form of

LOX-1 and anti-apoB antibody, has been developed to

detect circulating modified LDL via specific binding to

LOX-1 [11].

Pitavastatin is a strong statin similar to atorvastatin and

rosuvastatin [12–14], and has been shown to have pleio-

tropic effects in vitro. To date, there have been no reports

on the relations between the effects of pitavastatin on LDL

levels and LDL oxidation in humans. Thus, we examined

the effects of pitavastatin on serum levels of LOX-1 ligand

activity and soluble LOX-1 (sLOX-1), and their relation-

ships in patients with hypercholesterolemia.

Methods

Study Patients

Twenty-five subjects, between the ages of 21 and 80 years,

with a baseline LDL-C between 160 and 220 mg/dL who

were not receiving lipid-lowering therapy were recruited.

Exclusion criteria included exposure to cholesterol-

reducing drugs within the previous 6 weeks, coronary

artery disease, congestive heart failure, significant renal or

hepatic disease, familial hypercholesterolemia, and preg-

nant or lactating women.

Protocol

After informed consent was obtained from all participants

before the study, pitavastatin was administered at a dose of

2 mg/day for 6 months. Data obtained before and after

6 months of treatment with pitavastatin included fasting

blood work, adverse events, and the results of a physical

examination. Laboratory analyses of blood work included

lipid analyses and the assessment of other biomarkers. All

assays were carried out by personnel who did not know the

clinical characteristics of the patients.

Measurement of Biomarkers

Blood samples for measuring the plasma or serum con-

centrations of parameters were collected from the periph-

eral vein at the time of the patient visit. The blood samples

were immediately placed on ice and centrifuged at -30 �C

until assay.

Lipid parameters [total cholesterol (TC), LDL-C,

high-density lipoprotein cholesterol (HDL-C), and triacyl-

glycerol (TAG)] were analyzed from ethylenediaminete-

traacetic acid-treated plasma, and determined by

commercially available enzymatic-colorimetric methods.

Serum levels of high-sensitivity CRP were determined by a

sensitive nephelometric assay (Dade, Behring, Japan).

Fasting blood sugar, hemoglobin A1c, creatinine, uric acid,

and creatine kinase, and a liver function test were measured

by standard techniques.

Measurement of sLOX-1

According to a previous report [15], serum sLOX-1 levels

were determined by a sandwich ELISA. Forty microliter of

330 Lipids (2010) 45:329–335

123



standard recombinant human LOX-1 (61-273) or fourfold-

diluted sera were applied to 384-well plates immobilizing

anti-human LOX-1 antibody (TS92, 0.25 lg/well) [9].

Bound sLOX-1 was detected by the combination of another

anti-human LOX-1 antibody (HUC5-40) and a peroxidase-

conjugated donkey anti-chicken IgY (AP194P, Chemicon,

MA) with TMB solution.

Measurement of LOX-1 Ligand Activity

LOX-1 ligand activities in plasma were determined

according to a previous report [11]. Recombinant LOX-1

(0.4 lg/well) was immobilized on 96-well plates (Maxi-

sorp, Nunc) by incubating overnight at 4 �C in 50 lL of

PBS. After being washed twice with PBS, the plates were

blocked with 0.3 mL of 20% (v/v) ImmunoBlock (DS

Pharma) for 8 h at 4 �C. After being washed three times

with PBS, the plates were incubated with 0.1 mL of the

standard OxLDL or plasma diluted 40-fold with EDTA–

HEPES buffer [10 mM HEPES (pH 7.0), 150 mM NaCl,

2 mM EDTA]. The plates were then washed three times

with PBS, and incubated for 1 h at room temperature with

0.5 lg/mL HUC20, a chicken monoclonal antibody that

recognizes mouse and human ApoB, in PBS containing 1%

(w/v) BSA. After being washed three times with PBS, the

plates were incubated for 1 h at room temperature with

peroxidase-conjugated goat anti-chicken IgG (H ? L)

(KPL, Gaithersburg, MD) diluted 2,000-fold with PBS

containing 1% (w/v) BSA. After being washed five times

with PBS, a substrate solution containing 3,30, 5,50-tetra-

methylbenzidine (TMB solution, Bio-Rad Laboratories,

Hercules, CA) was added to the plates and incubated at

room temperature for 30 min. The reaction was terminated

by the addition of 50 lL of 2 M sulfuric acid. Peroxidase

activity was determined by the measurement of absorbance

at 450 nm.

Statistical Analysis

Data are expressed as the mean values ± SD. To analyze

the effects of treatment with pitavastatin for 6 months, the

paired Student’s t test was applied to paired data. Linear

regression analyses were carried out to detect correlations

between continuous valuables. A value of P \ 0.05 was

considered statistically significant.

Results

Subject Characteristics

The characteristics of the study population are shown in

Table 1. The mean age of the study population was

63 ± 13 years and most of the subjects were female

(68%). The subjects enrolled in this study had hypertension

(n = 16, 64%) and diabetes mellitus (n = 1, 4%). Similar

medical treatments were continued throughout the study

period. Systolic and diastolic arterial pressures and pulse

rate did not change during the study period (Table 1). All

subjects completed the 6-month study protocol without any

adverse side effects, and no clinical disorder developed

during the study period.

Effects of Pitavastatin on Biochemical Profiles

Table 1 shows the lipid parameters before and after pita-

vastatin treatment. Before pitavastatin treatment, TC and

LDL-C levels were abnormally high (268 ± 26 and

182 ± 21 mg/dL, respectively). TC (268 ± 26 vs.

176 ± 17 mg/dL) and LDL-C (182 ± 21 vs. 96 ± 14 mg/

dL) significantly decreased after pitavastatin treatment

(P \ 0.0001 for each) (Table 1; Fig. 1a). Although pita-

vastatin treatment significantly decreased TAG from

145 ± 65 to 104 ± 40 mg/dL (P \ 0.0001), it did not

significantly change HDL-C (before, 57 ± 14 mg/dL;

after, 58 ± 15 mg/dL; P = ns) (Table 1). Fasting blood

sugar, hemoglobin A1c, uric acid, and creatinine phos-

phokinase were unchanged during the study period

(Table 1). Other biochemical markers including liver

function were unchanged (data not shown).

Measurement of LDL Ligands, sLOX-1,

and High-Sensitivity CRP

LOX-1 ligands remarkably decreased with pitavastatin

treatment (867 ± 452 vs. 435 ± 262 ng/mL, P \ 0.0001)

Table 1 Hemodynamic and biochemical parameters before and after

pitavastatin treatment

Before After

Systolic BP (mmHg) 136 ± 20 123 ± 16 ns

Diastolic BP (mmHg) 78 ± 15 69 ± 9 ns

Pulse rate (/min) 71 ± 11 72 ± 12 ns

Total cholesterol (mg/dL) 268 ± 26 176 ± 17 P \ 0.0001

LDL-cholesterol (mg/dL) 182 ± 21 96 ± 14 P \ 0.0001

HDL-cholesterol (mg/dL) 57 ± 14 58 ± 15 ns

Triglyceride (mg/dL) 145 ± 65 104 ± 40 P \ 0.0001

FBS (mg/dL) 108 ± 30 104 ± 20 ns

Hemoglobin A1c (%) 5.6 ± 0.4 5.6 ± 0.5 ns

CK (IU/L) 117 ± 57 162 ± 99 ns

Uric acid (mg/dL) 5.9 ± 2.0 5.6 ± 1.5 ns

Creatinine (mg/dL) 0.8 ± 0.2 0.8 ± 0.2 ns

Values are means ± SD

BP blood pressure, FBS fasting blood sugar, CK creatine kinase
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(Fig. 1b). Meanwhile, soluble LOX-1 (1,059 ± 1,530 vs.

1,022 ± 1,526 pg/mL) (Fig. 2a) and high-sensitivity CRP

(0.42 ± 0.59 vs. 0.39 ± 0.45 mg/L) (Fig. 2b) did not

change with pitavastatin treatment. In a 73-year-old woman

with hypertension and stable angina pectoris, a marked

increase in soluble LOX-1 levels was observed after

treatment with pitavastatin (3,980–8,010 pg/mL). Her

clinical characteristics and medical treatments did not

change during the study period.

Before pitavastatin treatment, there was no significant

linear correlation between LOX-1 ligands and LDL-C

(Fig. 3a), or between LOX-1 ligands and sLOX-1

(Fig. 3b). In two subjects, basal sLOX-1 levels were far

higher ([3,000 pg/mL) than those in the other 22 subjects.

In the remaining 22 subjects, the degree of the reduction in

LOX-1 ligands correlated with that in sLOX-1 (Fig. 4a),

but not that in LOX-1 ligands (Fig. 4b).

Discussion

We first demonstrated that treatment with pitavastatin

reduced LOX-1 ligands as well as TC, LDL-C, and TAG in

hypercholesterolemic patients. The measurement of LOX-1

ligands may be useful as a tool for estimating pleiotropic

effects of statins.

Statin therapy can ameliorate future cardiovascular

events, and this improvement has been ascribed not only to

Fig. 1 Levels of low-density

lipoprotein cholesterol (LDL-C)

(a) and lectin-like oxidized LDL

receptor-1 (LOX-1) ligand (b)

before and after 6 months of

treatment with pitavastatin

Fig. 2 Levels of soluble

LOX-1 (sLOX-1) (a) and high-

sensitivity CRP (b) before and

after 6 months of treatment with

pitavastatin

Fig. 3 Relationship between

LOX-1 ligands and LDL-C

before pitavastatin treatment

(a). Relationship between

LOX-1 ligands and sLOX-1

before pitavastatin treatment (b)
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reductions in LDL cholesterol but also to the antioxidant

properties of statins [6, 8, 16]. Different statins have dif-

ferent antioxidative capacities for LDL oxidation, and it is

speculated that pitavastatin hinders the development of

atherosclerosis by reducing the oxidative modification of

LDL.

OxLDL is implicated in endothelial dysfunction as well

as the formation and progression of atherosclerosis

[10, 17]. It has been shown that plasma levels of OxLDL

were elevated in patients with coronary artery disease, and

were associated with the severity of acute coronary syn-

drome and coronary artery disease [4, 5]. We previously

reported that plasma levels of OxLDL were a useful

measure of coronary endothelial dysfunction [18]. How-

ever, the clinical importance of circulating OxLDL has not

yet been fully elucidated.

Several receptors for OxLDL have been identified over

the past few years [19–21]. LOX-1 is one such receptor for

OxLDL and is expressed in atherosclerotic lesions,

including endothelial cells, macrophages, and smooth

muscle cells [9, 22]. OxLDL binds to LOX-1, resulting in

NADPH oxidase activation and eNOS downregulation, and

the atherogenic properties induced by OxLDL are mainly

mediated via LOX-1 [10]. LOX-1 can be cleaved at its

membrane proximal extracellular domain and released as

soluble forms of LOX-1 [23]. It has been reported that

serum levels of sLOX-1 are elevated in coronary artery

disease [24, 25]. In the present study, soluble LOX-1 did

not change after pitavastatin treatment. The expression of

LOX-1 could be enhanced by risk factors for atheroscle-

rosis such as hyperlipidemia, hypertension, and diabetes

mellitus [22]. In the present study, arterial pressures and

biochemical profiles other than lipid levels remained

unchanged during the study.

LOX-1 recognizes multiple ligands such as OxLDL,

apoptotic cells, bacteria, and platelets [10, 22]. The precise

OxLDL epitope recognized by LOX-1 is not known.

OxLDL is not one homogeneous entity, but rather repre-

sents multiple chemical and immunogenic modifications of

the lipid and apoB-100 on LDL. ApoB-containing lipo-

proteins and their oxidized form play an important role in

the pathogenesis of atherosclerosis. We previously dem-

onstrated that plasma levels of LOX-1 ligands were

increased in ApoE-deficient mice fed a high-fat diet and

there was a link between the level of LOX-1 ligands and

the progression of atherosclerosis in mice [11]. Recently,

LOX ligands have been shown to be associated with the

incidence of cardiovascular disease [15].

In the present study, we showed that pitavastatin can

reduce LOX-1 ligands but not sLOX-1. Circulating levels of

sLOX-1 may not change after pitavastatin treatment,

although the vascular expression of LOX-1 was decreased

with pitavastatin treatment. As for pitavastatin, the reduction

in LOX-1 ligand levels was similar to that in LDL-

cholesterol levels. The changes in LOX-1 ligands were

correlated with those in sLOX-1, suggesting a potent link

between sLOX-1 and LOX-1 ligands. Before pitavastatin

treatment, LOX-1 ligands showed no significant correlation

with plasma LDL-C levels. In addition, the degree of the

reduction in LOX-1 ligands was not significantly correlated

with that in LDL-C levels. Numerous trials have shown that

statins can lower LDL-C levels. In addition, LOX-1 ligand

levels may be a suitable biomarker for estimating the

pleiotropic effects independent of the cholesterol-lowering

effects of statins. In previous studies using WHHL rabbits,

fluvastatin significantly reduced plasma levels of both LOX-

1 ligands and TC, as well as the atherosclerotic lesion area

and the cholesterol content of aortic arches [26].

In the present study, treatment with pitavastatin did not

change plasma levels of CRP. CRP is produced predomi-

nantly in the liver as part of the acute-phase response, and

is also expressed in smooth muscle cells within diseased

atherosclerotic arteries [27]. CRP and LOX-1 share a range

of biological functions. CRP can induce LOX-1 expression

[28], and the binding of CRP to LOX-1 enhances the

binding affinity of OxLDL to LOX-1 [29]. Statin therapy

reduces high-sensitivity CRP by a mechanism beyond LDL

reduction [14]. Koshiyama et al. [30] reported that pita-

vastatin lowered high-sensitivity CRP in patients with

hypercholesterolemia. Our modest sample size might have

limited the observed effects of pitavastatin on serum high-

sensitivity CRP levels. Further studies are needed to

Fig. 4 Relationship between

the degree of reduction in

LOX-1 ligands and that in

sLOX-1 (a). Relationship

between the degree of reduction

in LOX-1 ligands and that in

LDL-C (b)
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address whether serum levels of LOX-1 ligands are asso-

ciated with anti-inflammatory, anti-thrombotic, and vas-

cular endothelial effects.

In conclusion, pitavastatin therapy reduces both LDL-C

and LOX-1 ligands in hypercholesterolemic subjects. Serum

levels of LOX-1 ligands may be a useful biomarker for

monitoring the pleiotropic effects of statins, and the reduction

of LOX-1 ligands by statins, other antioxidants, or lifestyle

modifications may be a promising therapeutic strategy

against atherosclerosis and future cardiovascular events.

Study Limitations

Several important questions remain regarding the impact of

pitavastatin on LOX-1 in hypercholesterolemic subjects.

For example, our findings are limited by the fact that this

was an uncontrolled study with a modest number of sub-

jects. Furthermore, we did not address the question of the

dose–response effects of pitavastatin on LOX-1. We must

validate our findings in randomized, well-controlled and

larger human studies. In addition, further analyses must be

performed to examine whether patients with risk factors for

atherosclerosis have higher levels of LOX-1 ligand activity

than healthy subjects.
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Abstract Exercise (EXE) and amino-bisphosphonates

(BP) are both considered as useful strategies in the pre-

vention of post-menopausal bone loss. Exercise reduces

lipid levels, and BP may induce increase in high-density

lipoprotein cholesterol (HDL-C). We hypothesized that

combined effects of BP and exercise would produce a

better improvement of lipid profile. We studied the specific

and combined effects of zoledronic acid (Z) and EXE on

lipid profile and bone remodeling in mature ovariectomized

(OVX) rats. Six-month old female rats were randomly

assigned to either a sham-ovx group (n = 12) or one of

four OVX groups (n = 12): vehicle-treated sedentary

(OVX); OVX ? EXE (OVX-E, running on a treadmill for

12 weeks); OVX ? Z (20 lg/kg, i.v.), (OVX-Z); OVX ?

Z?EXE (OVX-ZE). Total cholesterol (TC), HDL-C and

bone remodeling markers were measured at baseline and at

the end of the study. We demonstrated that both Z and EXE

prevented the increase in bone resorption resulting from

OVX, and individually improved the atherosclerotic risk

index. Therapy with Z resulted in significant increase

(39.00 ± 0.03 vs. 53.6 ± 0.01 mg/dl; ?37.4%, P \ 0.05)

in serum concentration of HDL-C and a non significant

decrease in TC (135.30 ± 0.03 vs. 144.80 ± 0.05 mg/dl;

-5.8%) in the OVX-Z group compared to the OVX group.

Post-menopausal women have elevated risk of CVD and

bone resorption, hence, these data ultimately demonstrate

(except for the elevated ratio in the combined group) that

exercise and zoledronic acid are useful in minimizing the

impact of these two processes in women and the combi-

nation of the two may be clinically relevant.

Keywords Lipid metabolism � Atherosclerosis

Abbreviations

BP Amino-bisphosphonates

BW Body weight

CTx C terminal collagen cross-links

EXE Exercise

FM Fat mass

FPPS Farnesyl pyrophosphate synthetase

HDL-C High-density lipoprotein cholesterol

HRT Hormonal-replacement therapy

LBM Lean body mass

LDL-C Low-density lipoprotein cholesterol

OC Osteocalcin

OVX Ovariectomy/ovariectomized

OVX-E Ovariectomized ? Exercise trained animal

OVX-Z Ovariectomized ? Zoledronic acid treated

animal

OVX-ZE Ovariectomized ? Zoledronic acid

treated ? Exercise trained animal

PTH Parathyroid hormone

SH Sham-operated animal

TC Total cholesterol

TC Total serum cholesterol

TNF-a Tumor necrosis factor alpha

UI Uncoupling index

WB Whole body

WBBMC Whole body bone mineral content

WBBMD Whole body bone mineral density

Z Zoledronic acid
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Introduction

In post-menopausal women, amino-bisphosphonates rep-

resent one of the pharmacologic options for the prevention

and treatment of osteoporosis [1]. Among bisphosphonates

one can distinguish medication by their molecular mech-

anisms of action. Etidronate, clodronate, tiludronate inhibit

osteoclast function and induce osteoclast apoptosis by

incorporation into intracellular analogs. These compounds

do not interfere with intracellular sterol biosynthesis [2].

Amino-bisphosphonates inhibit the prenylation and func-

tion of GTP-binding proteins required for osteoclast func-

tion [3]. These last compounds inhibit squalene synthase

and hence may be cholesterol lowering agents in animal

[4]. Recently, it has been shown that high doses of zoled-

ronic acid given in patients with smoldering myeloma may

modify their lipid profile [5]. There was an improvement in

the atherosclerotic risk index with an increase in the

HDL-C/LDL-C ratio (high-density lipoprotein cholesterol/

low density lipoprotein cholesterol ratio) and a decrease

in the TC/HDL-C ratio (Total cholesterol/high-density

lipoprotein cholesterol ratio).

Non pharmacological prevention of osteoporosis frac-

ture by physical activity and particularly regular exercises

(EXE) characterized by impact or loading is currently

recommended [6]. The effect of regular exercise on the

lipid profile has been developed in a lot of studies [7–9]. It

has been recently demonstrated that increasing steps

walked may have beneficial effects on serum lipids and

thus may decrease the cardio vascular disease risks [10].

There is a large body of evidence that bisphosphonates

reduce the bone turnover and particularly inhibit bone

resorption [11, 12], the target cell being the osteoclast.

Conversely, physical activity, and more specifically

mechanical stress, has been shown to induce an osteogenic

effect mediated by osteocytes and osteoblasts [13–15].

Based on these assumptions, the present study aims at

investigating both specific and combined effects of zoled-

ronic acid and treadmill exercise on bone turnover and the

lipid profile in mature ovariectomized (OVX) rats.

Materials and Methods

Rat Groups and Treatment

Sixty 6-month old Wistar female rats (Animal Production

Center, Olivet, France) were maintained and acclimatized

for 2 weeks on a 12-h light/12 h dark cycle at 22 ± 2 �C

during the experiment. Rats were housed in standard cages

(two animals to a cage) with ad libitum access to food

[a commercial standard diet (A04, SAFE, France)] and

water. Rats were randomized to either sham-operated

(sham; n = 12) or bilateral OVX (n = 48). We did not

ration OVX rats in order to mimic real life conditions in

postmenopausal women, knowing that this is usually rec-

ommended as obesity induced by OVX may protect against

osteopenia [16].

Among the rats randomly selected in the the OVX

group, a second randomization procedure was done leading

to four groups of 12 animals each in addition to the sham-

operated group (SH): OVX sedentary controls (OVX);

OVX-exercise (OVX-E); OVX-zoledronic acid (OVX-Z);

OVX- zoledronic acid exercise- (OVX-ZE).

Based on a previous dose-ranging study, we selected a

single i.v. dose of 20 lg/kg zoledronic acid, as it has been

demonstrated, it is the minimum dose required to provide

long-term bone protection against the effects of OVX [17].

We injected the drug or a physiological saline solution

2 days before the OVX surgery. Sham operations were

performed by exteriorizing the ovaries. Bilateral ovariec-

tomies were performed under ketamine-xylazine anesthe-

sia. This experiment was conducted in conformity with the

Public Health Service Policy on Human Care and Use of

Laboratory Animals. The procedure for the care and killing

of the animals was in accordance with the European

Community Standards on the care and use of the laboratory

animals (Ministère de l’Agriculture, France, Authorization

Inserm 45-001).

Exercise Regimen

The exercise regimen (EXE) consisted of running in an

especially home made motor-driven treadmill, which

allowed eight rats to exercise together. The running pro-

gram was initiated gradually. The exercise regimen con-

sisted of daily training. During the first 4 weeks, the speed

of the treadmill and the duration of each running were

gradually increased from 8 m/min for 3–30 min to 12 m/min

for the first 2 weeks. In the two following weeks, the speed

and duration of the running session were gradually

increased to 15 m/min for 60 min. This speed and duration

were maintained for 5 days per week for the rest of the

experiment (8 weeks more).

Lipids and Bone Turnover Biomarkers

At baseline and at the end of the study, blood was obtained

by venous puncture at the tail. Blood samples were allowed

to clot at 4 �C for 20 min before centrifugation at

3,000 rpm for 10 min. Sera were stored at -20 �C for 24 h

and then stored at -80 �C until analysis. Analyses of total

serum cholesterol (TC), high-density lipoprotein choles-

terol (HDL-C), and low density lipoprotein cholesterol

(LDL-C) were determined using a high performance

338 Lipids (2010) 45:337–344

123



cholesterol colorimetric assay (Hitachi). The inter and

intra-assays were in our laboratory \10%.

Osteocalcin (OC) and C terminal collagen cross-links

(CTx) which are respectively biomarkers of bone forma-

tion and resorption were assayed in duplicate by ELISA

(Nordic Bioscience Diagnostics, Herlev Hoved-Gade,

Denmark). The within-assay and between assay CVs were

\10% in our laboratory. The intra-assay CVs were 5.5 and

5.6% respectively for OC and CTx. The inter-essays CV

were 5.0 and 5.6% respectively for OC and CTx.

An uncoupling index (UI) was calculated to assess the

relative balance of the formation and resorption processes

of bone remodeling, as previously described [18]. First, the

means ± SE of the baseline CTx and OC values were

determined in each rat. Using the values of the SHAM

group, OC and CTx Z-score [(rat value - mean baseline)/

SD baseline] were calculated by subtracting the Z-score of

the resorption marker from the Z-score of the formation

marker. A positive UI indicates bone remodeling unbal-

anced in favor of bone formation, whereas a negative UI

reflects an unbalanced favoring bone resorption.

Plasma Cytokine TNF-a

In order to assess the expression of proinflammatory

cytokines potentially induced by the zoledronic acid or the

exercise regimen, cytokine TNF-a was measured using an

immuno assay ELISA (IBL Hamburg, Deutschland). The

intra-essays CV and inter-essays were respectively \5%

and \10%.

Body Weight, Fat Mass, Lean Mass and Bone Mineral

Content (BMC) Measurements

All analyzes were conducted with the Discovery A densi-

tometer (Hologic, Inc., Bedford, MA) calibrated daily in

accordance with the manufacturer’s recommendations. The

rat whole body (WB) module was used to provide WB fat

mass and WB lean mass. At baseline and at 12 weeks

(4 weeks of gradually increased exercise and 8 weeks at

full regimen, i.e. paragraph exercise regimen described

above) lean and fat masses were measured by DXA. The

root-mean square CV of in vivo WBBMC, WBBMD and

WB fat mass were respectively 1.2, 0.87, and 3.8%. These

CVs were determined from two repeated measures with

repositioning on 30 animals.

Statistical Analysis

Data are presented as means ± standard deviations (SD)

for body weight and body mass; they are presented as

mean ± standard error of the mean (SEM) for serum

chemistry. Normal distributions (Gaussian) of the data

were assessed by a Kolmogorov–Smirnov test. The effect

of ovariectomy was determined by comparing the sham-

OVX and OVX groups using t test. To compare the main

and combined effects of exercise and zoledronate between

the OVX groups for longitudinal data, a two-way

ANOVA with repeated measures was performed. In the

event of a significant interaction, exercise and zoledronate

effects were considered synergistic. A one-way ANOVA

with post hoc, pair-wise comparisons using Fisher’s pro-

tected least-significant difference [19] was used in case of

significant interactions. In the event of a non-significant

interaction, the main effect for each intervention

(zoledronate, EXE) was explored by Newman–Keuls test

and intervention effects were considered additive. The

level of significance was set at P B 0.05. All statistical

analyses were performed with software PCSM (OPTIMA-

Deltasoft, France).

Results

All the data followed a normal distribution. Significant

interaction were found in lipid parameters, serum CTX and

uncoupling index between exercise and zoledronic acid.

Anthropometrics and Densitometry Parameters

Body weight in the OVX group was significantly greater

than in sham operated rats 12 weeks post-surgery

386 ± 33 versus 333 ± 22 g; P = 0.002. There was a

significant difference in body weight between the OVX-Z

group and the two exercised groups (Table 1). Percentage

of fat mass was found significantly higher in the OVX-Z

group compared to all the OVX groups (Table 1). There

was a higher percentage of fat mass in the OVX group

(27.7%) as compared to the one in the SH group (19%),

P \ 0.005. There were no significant differences observed

between the groups for WB lean mass. We have found a

significant difference for whole body BMC between the

OVX-Z group and the OVX, OVX-E and OVX-ZE groups

(Table 1).

Lipid Profile

The OVX group had a higher serum total cholesterol and

LDC-C levels compared with the SH group (Table 2). The

OVX-E group displayed a significantly lower TC

(127.2 mg/dl) than in the OVX group (144.8 mg/dl)

(P \ 0.05). We observed a 37.4% higher HDL-C level in

the OVX-Z group (53.6 mg/dl) than in the OVX group

(33 mg/dl) (P \ 0.05). Exercise also markedly increased

the HDL-C (?25.4%) in the OVX-E group as compared to

the OVX group (P \ 0.05). However, the OVX-ZE group

Lipids (2010) 45:337–344 339

123



T
a

b
le

1
C

h
an

g
es

in
an

th
ro

p
o

m
et

ri
c

an
d

b
o

n
e

p
ar

am
et

er
s

in
W

B
B

M
C

in
sh

am
-o

p
er

at
ed

(S
H

)
o

r
o

v
ar

ie
ct

o
m

iz
ed

(O
V

X
)

m
at

u
re

ra
ts

tr
ea

te
d

o
r

n
o

t
b

y
zo

le
d

ro
n

ic
ac

id
(Z

)
(a

si
n

g
le

in
je

ct
io

n

2
0

lg
/k

g
),

ex
er

ci
si

n
g

o
n

a
tr

ea
d

m
il

l
o

r
n

o
t

(E
)

fo
r

1
2

w
ee

k
s

A
n

th
ro

p
o

m
et

ri
c

an
d

d
en

si
to

m
et

ri
c

p
ar

am
et

er
s

G
ro

u
p

s

S
H

O
V

X
O

V
X

-Z
O

V
X

-E
O

V
X

-Z
E

P
re

P
o

st
P

re
P

o
st

P
re

P
o

st
P

re
P

o
st

P
re

P
o

st

B
W

(g
)

3
0

0
.3

±
2

7
.3

3
3

3
.1

±
2

1
.7

3
1

0
.5

±
2

0
.7

3
8

6
.4

±
3

2
.6

a
3

2
0

.8
±

2
3

.9
4

1
6

.5
±

4
0

.7
3

1
9

.9
±

2
5

.7
3

7
0

.1
±

3
5

.5
b

3
2

7
.9

±
3

0
.2

3
7

0
.8

±
3

4
.4

b

L
B

M
(g

)
2

4
2

.0
±

1
3

.5
2

4
1

.1
±

1
3

.7
2

4
5

.0
±

1
6

.6
2

5
9

.2
±

1
0

.7
a

2
5

5
.1

±
1

6
.9

2
6

0
.7

±
1

7
.2

2
4

5
.8

±
1

6
.9

2
6

0
.6

±
2

1
.4

2
4

8
.7

±
2

1
.1

2
7

0
.7

±
2

5
.0

F
M

(%
)

1
7

.8
±

3
.5

1
9

.0
±

4
.1

1
7

.3
±

3
.6

2
7

.8
±

7
.3

a
,b

1
6

.6
±

3
.5

2
8

.9
±

3
.8

1
9

.5
±

4
.4

2
4

.0
±

7
.4

b
2

0
.3

±
5

.2
2

3
.0

±
6

.0
b

W
B

B
M

C
(g

)
1

1
.4

±
0

.7
1

2
.4

±
0

.8
1

1
.7

±
0

.8
1

2
.9

±
0

.7
b

1
2

.1
±

0
.5

1
3

.9
±

0
.9

1
1

.8
±

0
.8

1
2

.2
±

1
.0

b
1

1
.9

±
0

.7
1

3
.0

±
0

.8
b
,c

D
at

a
ar

e
m

ea
n

s
±

S
D

s

B
W

b
o

d
y

w
ei

g
h

t,
L

B
M

le
an

b
o

d
y

m
as

s,
%

F
M

%
fa

t
m

as
s,

W
B

B
M

C
w

h
o

le
b

o
d

y
b

o
n

e
m

in
er

al
co

n
te

n
t

a
O

V
X

d
if

fe
re

n
ce

s
v

er
su

s
S

H
b

D
if

fe
re

n
ce

s
v

er
su

s
O

V
X

-Z
c

In
te

ra
ct

io
n

s
b

et
w

ee
n

tr
ea

tm
en

t
an

d
ex

er
ci

se

T
a

b
le

2
C

h
an

g
es

in
T

C
,
H

D
L

-C
,

L
D

L
-C

,
T

C
/H

D
L

-C
an

d
H

D
L

-C
/L

D
L

-C
ra

ti
o

s
an

d
T

N
F

a
in

sh
am

e-
o

p
er

at
ed

(S
H

)
o

r
o

v
ar

ie
ct

o
m

iz
ed

(O
V

X
)

m
at

u
re

ra
ts

tr
ea

te
d

o
r

n
o

t
b

y
zo

le
d

ro
n

ic
ac

id
(Z

)

(a
si

n
g

le
in

je
ct

io
n

2
0

lg
/k

g
),

ex
er

ci
si

n
g

o
n

a
tr

ea
d

m
il

l
o

r
n

o
t

(E
)

fo
r

1
2

w
ee

k
s

L
ip

id
p
ro

fi
le

an
d

T
N

F
a

co
n
ce

n
tr

at
io

n

G
ro

u
p
s

S
H

O
V

X
O

V
X

-Z
O

V
X

-E
O

V
X

-Z
E

P
re

P
o
st

P
re

P
o
st

P
re

P
o
st

P
re

P
o
st

P
re

P
o
st

T
C

(m
g
/d

l)
1
1
8
.0

0
±

0
.0

9
1
2
8
.4

0
±

0
.0

4
1
0
4
.5

0
±

0
.0

7
1
4
4
.8

0
±

0
.0

5
a

1
0
4
.5

2
±

0
.0

8
1
3
5
.3

0
±

0
.0

3
1
1
6
.1

0
±

0
.0

7
1
2
7
.2

0
±

0
.0

4
b

1
0
5
.6

0
±

0
.0

5
1
3
4
.0

0
±

0
.0

4

H
D

L
-C

(m
g
/d

l)
4
3
.4

0
±

0
.0

2
4
3
.5

0
±

0
.0

4
4
3
.3

0
±

0
.0

1
3
9
.0

0
±

0
.0

3
4
1
.8

0
±

0
.0

3
5
3
.6

0
±

0
.0

1
b

4
2
.1

0
±

0
.0

1
5
2
.3

0
±

0
.0

3
b
,c

4
5
.2

0
±

0
.0

1
3
9
.2

0
±

0
.0

2
c
,d

L
D

L
-C

(m
g
/d

l)
7
7
.2

0
±

0
.0

3
8
1
.8

0
±

0
.0

4
7
4
.2

0
±

0
.0

4
9
9
.9

0
±

0
.0

6
a

7
4
.9

0
±

0
.0

7
9
6
.4

0
±

0
.0

4
7
4
.3

0
±

0
.0

5
8
9
.5

0
±

0
.0

8
7
6
.8

0
±

0
.0

4
1
0
3
.1

0
±

0
.0

5

T
C

/H
D

L
-C

2
.7

7
±

0
.2

3
.1

4
±

0
.2

2
.5

4
±

0
.1

3
.8

2
±

0
.3

8
2
.5

7
±

0
.2

2
.5

2
±

0
.0

2
b

2
.7

7
±

0
.2

2
.5

4
±

0
.2

0
b

2
.4

0
±

0
.1

3
.5

4
±

0
.3

0
c
,d

H
D

L
-C

/L
D

L
-C

0
.7

0
±

0
.0

3
0
.5

5
±

0
.0

5
0
.7

7
±

0
.0

5
0
.4

2
±

0
.0

5
0
.6

9
±

0
.0

4
0
.5

5
±

0
.0

3
b

0
.7

4
±

0
.0

5
0
.6

4
±

0
.0

7
b

0
.7

3
±

0
.0

5
0
.3

8
±

0
.0

2
c
,d

T
N

F
a

(p
g
/m

l)
5
1
5
.2

9
±

5
.2

0
5
2
3
.1

7
±

4
.9

1
5
3
4
.7

8
±

1
4
.1

0
6
7
0
.9

0
±

8
.9

6
a

5
1
5
.0

8
±

5
.5

2
7
1
3
.0

5
±

6
.0

5
a
,b

5
2
1
.5

1
±

6
.0

5
6
9
6
.9

8
±

7
.0

1
a
,b

5
1
6
.4

8
±

7
.0

0
7
2
1
.4

9
±

1
2
.4

7
a
,b

,d
,e

D
at

a
ar

e
m

ea
n
s

±
S

D
s

a
O

V
X

d
if

fe
re

n
ce

s
v
er

su
s

S
H

b
D

if
fe

re
n
ce

s
v
er

su
s

O
V

X

c
D

if
fe

re
n
ce

s
v
er

su
s

O
V

X
-Z

d
D

if
fe

re
n
ce

s
v
er

su
s

O
V

X
-E

e
In

te
ra

ct
io

n
s

b
et

w
ee

n
tr

ea
tm

en
t

an
d

ex
er

ci
se

L
D

L
-C

lo
w

-d
en

si
ty

li
p
o
p
ro

te
in

ch
o
le

st
er

o
l,

H
D

L
-C

h
ig

h
-d

en
si

ty
li

p
o
p
ro

te
in

ch
o
le

st
er

o
l,

T
C

to
ta

l
ch

o
le

st
er

o
l,

T
N

F
a

tu
m

o
r

n
ec

ro
si

s
fa

ct
o
r

al
p
h
a

340 Lipids (2010) 45:337–344

123



displayed lower levels of HDL-C than in the OVX-E and

OVX-Z groups (Table 2). There was a trend to a higher

TC/HDL-C ratio between baseline and the end of the study

in the OVX-group P = 0.06. However, this ratio was sig-

nificantly lower in the OVX-Z and the OVX-E groups

respectively 2.53 and 2.54 than in the OVX group

(P \ 0.05). Conversely, the TC/HDL-C ratio in the OVX-

ZE group was not significantly different from in the OVX-

group and was higher (3.54) than in the OVX-Z and the

OVX-E groups (Table 2). Likewise, the HDL-C/LDL-C

ratio decreased significantly in the OVX groups between

baseline and the end of the study (0.774 vs. 0.416;

P \ 0.01). This latter ratio significantly increased the

OVX-Z and OVX-E versus the OVX group and there was a

trend to a higher HDL-C/LDL-C ratio in the OVX-Z group

than in the OVX group (P = 0.058) (Table 2).

Plasma Cytokine TNF-a

Ovariectomy was characterized by an increase in TFN-a
between the baseline and at the end of the study

(534.8 ± 14 vs. 678.9 ± 9 pg/ml; P \ 0.001). There was

an interaction between exercise and zoledronic acid con-

cerning the levels of plasma TFN-a. As indicated in

Table 2 we have found higher values of TNF-a at the end

of the study in the OVX-Z, OVX-E and OVX-ZE groups

than in the OVX group ones. The highest level of the

TNF-a was found in the OVX-ZE group and it was sig-

nificantly higher than in the OVX-E group, respectively

721.5 ± 12.5 versus 697 ± 7 pg/ml; P \ 0.01.

Bone Turnover

The CTx level was 27.7% higher in the OVX group

(23.8 ng/ml) than in the SH group (18.6 ng/ml),

P \ 0.0005. The CTx levels were significantly lower in

OVX-Z and OVX-E groups as compared to the OVX group

(P \ 0.05). However, the CTx levels in the OVX-ZE were

not statistically different from those in the OVX group but

were significantly higher than in the OVX-Z and OVX-E

groups (Table 3). In contrast, at the end of the study, serum

osteocalcin levels were not significantly different between

the SH group and the OVX group. The OVX-ZE group

displayed higher osteocalcin level than in the OVX, the

OVX-Z and the OVX-E groups. The osteocalcin level was

significantly higher in the OVX-E group (178.27 ng/ml)

versus the OVX and OVX-Z groups (respectively, 117.83

and 139.32 ng/ml) (Table 3). As expected the uncoupling

index moved from -0.26 at baseline to -4.43 at the end of

the study in the OVX group. In the OVX-E group the UI

increased from -0.22 at baseline to ?3.42 at the end of the

study. Results of the UI in the OVX-Z groups are indicated

in Table 3. T
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Discussion

The main findings of the present study were that the ther-

apy with zoledronic acid (a single injection) resulted in a

significant increase (?37.4%) in serum concentration of

HDL-C and a trend toward lower TC (-5.8%) as compared

to the vehicle-treated ovariectomized mature rats. More-

over, these changes were associated with a significant

decrease in the TC/HDL-C ratio and a trend toward an

increase in the HDL-C/LDL-C ratio. Such parameters are

recognized indicators of atherosclerosis risk. These last

results on the lipid profile might have a positive effect on

cardiovascular risk if one considers their extrapolation to

human.

However, it is noteworthy that, if specific effects of

exercise and zoledronic acid were beneficial for athero-

sclerotic risk, the additive effects of these two interventions

had produced a paradoxically negative impact.

To our knowledge, there is only one study in rats with

such a consideration, i.e. assessment of blood lipids

rodent treated with bisphosphonates [20]. In the latter

study, female Sprague–Dawley rats ovariectomized at

11 weeks were treated by alendronate and the authors did

not observed any effect on the serum cholesterol levels

after 3 weeks of treatment. At the same time, there was a

1.2–1.5 fold higher serum cholesterol level in the OVX

group as compared with the sham group. It has been

demonstrated that the rat model would be useful for

studying the pharmacological effects of estrogen on total

serum cholesterol [21]. Differences might be observed

concerning the mechanisms for the hypocholesterolemic

effect of estrogen between rats and humans. Estrogen

lowers cholesterol by up-regulation of the hepatic LDL

receptor [22]. In addition, in the rat, both HDL-C and

LDL-C may be reduced because rat HDL-C contains

apoprotein E (which is not found in human HDL-C) [23].

Hence, the amazing results displayed in the OVX-ZE

group might be explained by differences between lipid

metabolism in humans and rats (our rat model might not

be the more appropriate).

In early postmenopausal women, exercise programs may

reduce lipid levels [24]. In addition, it has been noticed that

IV amino-bisphosphonates induced, in post-menopausal

women with moderate to severe osteoporosis, a significant

increase in HDL-C [25]. In our study in mature ovariec-

tomized rats, we investigated the separate and combined

effects of treadmill running exercise and zoledronic acid on

the lipid profiles. Papers aiming to describe the lipid profile

when using bisphosphonates for metabolic bone disorders

are scarce and sometimes conflicting. In human it has been

recently reported that in smoldering multiple myeloma

patients zoledronic acid may have an effect on lipid

metabolism with a decrease in both TC and LDL-C [16].

Guney et al. [26] have also recently reported data sug-

gesting in 49 patients treated for osteoporosis with

alendronate a beneficial effect on lipid metabolism. Two

other studies have shown respectively in patients treated by

IV pamidronate for Paget’s bone disease [27] and in

postmenopausal women with osteoporosis treated by IV

neridronate [25] a reduction in LDL-C and an increase in

HDL-C. Specific mechanisms leading to the effects of

bisphosphonates on lipid metabolism are still unknown.

However some bisphosphonates inhibit the squalene syn-

thase enzyme and cholesterol biosynthesis [4] as it has

been demonstrated for the first time in vivo by Amin et al.

[28]. Indeed squalene synthase is one of the key enzyme in

cholesterol biosynthetic pathway but reduction of plasma

cholesterol can also be achieved by inhibiting hydroxy-

methyl-glutaryl-coenzyme A reductase (HMG-CoAR);

which is also a key rate-limiting enzyme involved in the

cholesterol biosynthesis and the development of such

inhibitors of the HMG-CoAR has led to the family of

statins [29]. Recent studies have highlighted the role of the

farnesyl pyrophosphate synthetase (FPPS) as the molecular

target of nitrogen-containing bisphosphonates [11, 12]. The

FPPS is a distal enzyme of the mevalonate–squalene

pathway and the ability of aminobisphosphonates to inhibit

this enzyme is also a possible mechanism in lowering

cholesterol.

Physical exercise was also able in our study to signifi-

cantly decrease TC (-12%) and increase HDL-C (?34%)

in trained rats as compared to the ovariectomized sedentary

rats. Consequently, the TC/HDL-C and HDL-C/LDL-C

ratios were respectively lower and higher in EXEd rats than

in sedentary rats as expected [21, 26].

Because exercise and zoledronic acid may have different

ways of producing an action on lipid metabolism (i.e.

increase in aerobic metabolism, oxygen uptake and fatty

acid use for muscular energy supply during exercise [30]

and actions on cholesterol biosynthesis with zoledronic

acid), we hypothesized in this study that, it was possible to

observe additive effects of exercise and zoledronic acid on

the lipid profile. This was not the case in our study as we

noticed both for TC and HDL-C no statistical differences

between ovariectomized rats treated with vehicle and

ovariectomized rats practicing exercise treated with

zoledronic acid. We cannot explain this effect, it is possible

that the expression of certain antioxidant enzyme stimu-

lated by the treadmill running exercise may have been

counteracted by the inflammatory effects induced by the

injection of zoledronic acid [31]. Indeed it has been shown

that bisphosphonates may have pro inflammatory effects

and clinicians do know the acute-phase response following

the first injection of IV aminobisphosphonates in human.

We do not assess in this study the oxidative stress indica-

tors and oxidant status resulting of the exercise regimen
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and the bisphosphonate therapy. Furthermore, we only

assess the plasma inflammatory cytokine TNF-a. In the

present study, the highest value of TNF-a at the end of the

study was found in the OVX-ZE group. The TNF-a results

found in this group (exercise training is supposed to reduce

inflammation by decreasing TNF-a [32]) might be a pos-

sible explanation of our paradoxical lipid profile results in

this group. Conversely, bisphosphonates are also described

to have anti-inflammatory effects [33] and clodronate has

been shown to inhibit the in vitro production of super oxide

free radicals by polynuclear cells [33]. In turn these last

effects may have been counterbalanced by some charac-

teristics of the exercise regimen applied to the animals.

Exercise training may rather reduce TNF-a but it has been

shown sometimes that TNF-a level was not altered by

exercise [10]. We have found a mild but significant

increase in the TNF-a level at the end of the study in the

OVX-E group as compared to the OVX group (P = 0.04).

At the end of the experiment the CTx levels were

respectively 18.8 and 19.1% lower in the OVX-E and

OVX-Z groups as compared to the OVX group. However,

we can easily distinguish the effects of EXE and zoledronic

acid on the bone turnover as there was a strong negative UI

indicating an imbalance favoring resorption in the OVX

group, a strong positive UI in the OVX-E group indicating

that bone remodeling was unbalanced in favor of formation

and a mild positive UI in the OVX-Z group indicating that

zoledronic acid effects in this ovariectomized mature rats

study prevented the deleterious effects of OVX, i.e.

(increase in bone resorption parameters). Theoretically, it

is an attractive hypothesis that a concurrent combination of

exercise and zoledronic acid would be superior to either

intervention alone as they act on different target sales. In

the present study, the lack of additive effect of the com-

bination exercise and zoledronic acid on the bone turnover

might be explained by the potency of the antiresorptive

effect of the zoledronic acid. The response to the osteo-

genic effects of exercise might be blunted by the powerful

effect of zoledronic acid. Such a hypothesis has been

mentioned to explain the lack of efficacy in combining

parathyroid hormone with alendronate, the capacity of the

antiresorptive drug being superior to a capacity of forma-

tion associated with the PTH treatment [34]. To our

knowledge there have been two studies aiming at com-

bining a bisphosphonate therapy with exercise in rats [35,

36]. Unfortunately none of them have investigated the

effects on bone turnover markers.

We observed an increase in weight in the OVX-Z group

as compared to the OVX-E and OVX-ZE groups. However

it has been demonstrated that although differences in body

weight are often cited as the reason for a better lipid profile

between active and inactive persons, some data support

an influence of physical activity on lipid profiles

independently of the metabolic effect of weight variations

[30] and this may be also the case with the action of

zoledronic acid on lipid metabolism.

In this study, we aimed to analyze the individual and

combined effects of zoledronic acid and treadmill exercise

on lipid profile and bone remodeling ovariectomized rats.

The present results confirmed that both zoledronic acid and

physical exercise prevent the increase in bone resorption

resulting from the ovariectomy. However we did not find

any positive additive effect when combining these two

interventions despite the different mechanisms and action

pathways involved.

Both exercise and zoledronic acid were shown to indi-

vidually improve the atherosclerotic risk index.

Our finding that zoledronic acid given in OVX-rats may

interfere with lipid metabolism (mild reduction in TC and

a large increase HDL-C) has not yet been reported in

animal studies. Several studies [5, 25–27] in humans show

that some amino bisphosphonates including zoledronic

acid [5] seem to be able to induce effects on lipid

metabolism with a profile that might be clinically relevant

as amino bisphosphonates are largely used for the treat-

ment of several bone disorders. Our results are hypothesis

generating and further studies are needed to corroborate

our findings.
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Abstract A high-fat diet (HFD) leads to an increased risk

of osteoporosis-related fractures, but the molecular mech-

anisms for its effects on bone metabolism have rarely been

addressed. The present study investigated the possible

molecular mechanisms for the dyslipidemic HFD-induced

bone loss through comparing femoral gene expression

profiles in HFD-fed mice versus the normal diet-fed mice

during the growth stage. We used Affymetrix 430A Gene

Chips to identify the significant changes in expression of the

genes involved in bone metabolism, lipid metabolism,

and the related signal transduction pathways. Quantitative

RT-PCR was carried out on some significant genes for

corroboration of the microarray results. At the conclusion of

the 12-week feeding, the down-regulation of most of the

genes related to bone formation and the up-regulation of

most of the genes related to bone resorption were observed

in the HFD-fed mice, consistent with the changes in plasma

bone metabolic biomarkers. Together, the HFD induced a

decrease in the majority of the adipogenesis-, lipid bio-

synthesis-, and fatty acid oxidation-related gene expression,

such as PPARg and APOE. Furthermore, some genes

engaged in the related signal transduction pathway were

strongly regulated at the transcript level, including IGFBP4,

TGFbR1, IL-17a, IL-4, and P53. These results indicate that

an HFD may induce inhibitory bone formation and

enhanced bone resorption, thus causing adverse bone status.

Keywords Bone mass � High-fat diet � Hyperlipidemia �
Gene expression profiles � Bone metabolism

Abbreviations

BMD Bone mineral density

HFD High-fat diet

RT-PCR Reverse transcription-polymerase chain reaction

P1CP Propeptide of I collagen C-propeptide

NTx Cross-linked N-telopeptides of bone type I

collagen

ROS Reactive oxygen species

Introduction

A high-fat diet (HFD) has been recognized as a risk factor

for a person’s health being involved in conditions such as

dyslipidemia, atherosclerosis, obesity, and osteoporosis

[1–5]. The intake of lard rich in highly saturated fat is

pervasive and consequently results in the increasing prev-

alence of dyslipidemia in China [5]. Dietary saturated fat

intake has been recognized as contributing to the likelihood

of osteoporosis-related fractures [4, 6]. Moreover, children

treated with a high-fat low-carbohydrate diet could have a

worse bone mineral status [7]. In growing animal models,

an HFD or high-energy diet could deleteriously affect bone

mineral content, structure, and mechanical properties

[8–10]. Lac et al. [11] found that significant correlations

were noted between body composition, adiponectin, and

bone parameters in growing rats fed an HFD. Parhami et al.

[12] have pointed out that an atherogenic diet inhibits

bone formation by blocking differentiation of osteoblast in

growing mice, possibly resulting from lipid oxidation
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products. In addition, a recent study has suggested that an

HFD may induce an increase in bone resorption in mice

[13]. However, none of these studies addressed the effects

of HFD on global gene expression profiles of bone.

A gene microarray can provide a broad view of gene

expression. Thus, for the first time, we used an Affymetrix

GeneChip 430A, which contains over 22,000 probe sets for

12,960 different genes, to study the changes in mRNA

expression of the proximal femur of growing C57BL/6

mice fed a dyslipidemic HFD. Genes were categorized as

related to lipid metabolism, bone metabolism, and the

related signal transduction mainly with the aid of Gene

Ontology analysis. The analysis on femoral gene expres-

sion profiles will help to elucidate more completely the

possible molecular basis for the HFD-induced low bone

mass.

Materials and Methods

Animals

The experiment was conducted with male C57BL/6 mice

(4 weeks old) from Shanghai Slac Laboratory Animal Co.

Ltd. (Shanghai, China). The animals were housed under

conditions of controlled temperature (23 ± 2 �C) and

humidity (60%) with natural light. The experimental pro-

tocol was developed according to the institution’s guideline

for the care and use of laboratory animals.

Experimental Design and Samples Preparation

Test animals were initially fed standard diets for 3 days for

adaptation after arrival. Mice were randomly assigned to

two groups (n = 8 for each group). Group control received

only a normal diet containing 4.8% (w/w) fat. Group HFD

received an HFD containing 21.2% fat (additional 17.5%

lard and 0.5% cholesterol). This HFD has been found to

cause significant dyslipidemia in C57BL/6 mice [5]. All

mice were allowed free access to the test diets and deion-

ized water throughout the 12-week test period.

At the end of the experimental periods, mice were

deprived of food for 12 h. After mice were anesthetized

with aether, blood was collected by removing eyeball, and

then mice were sacrificed immediately by cervical vertebra

dislocation. The visceral fat pads (perirenal and abdominal)

and subcutaneous fat pads (subscapular) were immediately

excised and weighed. Plasma was obtained from blood

samples after centrifugation (500g for 10 min at 4 �C), and

then the plasma samples were frozen and stored at -20 �C

until analysis. The proximal femur (right) of four mice per

group was dissected out immediately and stored in RNA-

later solution at -20 �C until used for RNA extraction, and

other femur bones (left) were dissected for measurement of

bone mineral density and mechanical testing and then

stored at -20 �C.

Bone Metabolic Biomarkers in Plasma

The plasma levels of propeptide of I collagen C-propeptide

(P1CP) and cross-linked N-telopeptides of bone type I

collagen (NTx) were determined by a mouse-P1CP Elisa

Kit and a mouse-NTx Elisa kit (USCN Life Science &

Technology Company, Missouri City, TX, USA),

respectively.

Bone Mineral Density and Mechanical Testing

On the day of testing, femur bones were thawed (20–25 �C).

The bone mineral density (BMD) in the left femur was

measured by dual-energy X-ray absorptiometry (GE

Healthcare, Milwaukee, WI, USA) in animal mode and was

analyzed in accordance with the manufacturer’s manual.

The maximum load in the central left femur was testing

in three-point bending by Texture Analyzer XT (Stable

Micro Systems, Haslemere, Surrey, UK). Bones were

temperature equilibrated (37 �C) in a physiological buffer

solution (PBS, pH 7.4) for at least 1 h prior to testing. A

testing systems loaded each bone in three-point bending

(10 mm min-1) until failure. The three-point intersupport

distance for the femurs was 6 mm, and they were loaded

anterior to posterior. For three-point bending, we calcu-

lated a maximal load of the bone at the center.

DNA Microarray Procedure

The RNA was prepared from the proximal one-third of the

whole right femur including bone marrow using Trizol

(P/N 15596-018; Invitrogen Life Technologies, Carlsbad,

CA, USA). Subsequently, four samples at each group were

pooled. RNA was further purified using Qiagen RNeasy

(P/N 74104; RNeasy Mini Kit, Qiagen) columns and the

quality verified by the laboratory by a chip analysis (Bio-

analyzer 2100; Agilent, Amstelveen, The Netherlands).

Ten micrograms of RNA was used for one-cycle cRNA

synthesis (Affymetrix, Santa Clara, CA, USA). Hybridi-

zation, washing, and scanning of Affymetrix GeneChip

mouse genome 430A arrays, which consist of more than

22,000 probe sets for 12,960 different genes, was done

according to standard Affymetrix protocols.

DNA Microarray Data Analysis

The GeneArrayTM scanner 3000 (Affymetrix) was used to

scan and quantitatively analyze the scanned image, and the
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data were globally scaled to all the probe sets with an

identical target intensity value. Once the probe array had

been scanned, GeneChip software automatically calculated

intensity values for each probe cell and ascribed a presence

or absence call for each mRNA. Algorithms in the software

used probe cell intensities to calculate an average intensity

for each set of probe pairs representing a gene that directly

correlated with the amount of mRNA. The statistical

algorithms were implemented in Affymetrix Microarray

Suite 5.0. Expression patterns for the HFD group were

compared with those of the control group. When the dif-

ference between two different RNA samples was assessed,

the fold changes from side-by-side comparisons on the

same lot of microarrays were compared directly. We set up

cut-off values to 1.5 (P [ 0.05) for the fold change in ratio.

These genes were classified into different groups according

to their biological functions and analyzed mainly by Gen-

MAPP2 as an assistant analysis tool.

Quantitative Real-Time Reverse

Transcription-Polymerase Chain Reaction

Quantitative real-time reverse transcription-polymerase

chain reaction (RT-PCR) was carried out to validate our

microarray results (n = 4 for each group). Total RNA

was reverse-transcribed to cDNA according to the man-

ufacturer’s instructions (MultiScribe Reverse Transcrip-

tase, Applied Biosystems, Foster City, CA, USA). We

used Platinum Taq polymerase (Invitrogen Life Technol-

ogies) and EvaGreen dye (Biotium, Hayward, CA, USA)

to employ real-time quantitative PCR. In this system, the

increase in the concentration of EvaGreen dye fluorescent

is proportional to the increase in PCR products; the

reaction product can be accurately measured in the

exponential phase of amplification by the ABI prism 7000

Sequence Detection System. The sequences of the primers

are listed in Table 1. The relative expression levels of the

target genes were calculated as a ratio to the house-

keeping gene b-actin. Melting curve analysis was per-

formed to assess the specificity of the amplified PCR

products.

Statistical Analysis

Data of physiological and biochemical markers were

reported as means ± standard deviations. Comparisons

across groups were performed by analysis of the two sided

Student t Test. P \ 0.05 was considered statistically sig-

nificant. Analysis was done with SPSS 15 (SPSS, Inc.,

Chicago, IL, USA).

Results

Food Intake, Body Weight, and Fat Mass

The food intake, body weight change, and fat mass at each

group are shown in Table 2. The HFD group exhibited

significantly lower food intake but higher energy intake

than the control group (P \ 0.05). A significant increase in

body weight gain and fat mass was observed in the HFD

group (P \ 0.01).

Table 1 Sequences of primers used in quantitative real-time reverse transcription polymerase chain reaction

Gene

symbol

Gene (full name) Forward primer (50–30) Reverse primer (50–30)

b-actin Beta-actin GGGTCAGAAGGACTCCTATG GTAACAATGCCATGTTCAAT

NOX2 NADPH oxidase2 TGTGGTTGGGGCTGAATGTC CTGAGAAAGGAGAGCAGATTTCG

BGLAP2 Bone gamma-carboxyglutamate protein 2/

osteocalcin

CTGACCTCACAGATCCCAAGC TGGTCTGATAGCTCGTCACAAG

COL1a1 Collagen type I alpha 1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG

RANK Receptor activator of nuclear factor-jB GGACGGTGTTGCAGCAGAT GCAGTCTGAGTTCCAGTGGTA

MMP9 Matrix metallopeptidase 9 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG

MMP1a Matrix metallopeptidase 1a AACTACATTTAGGGGAGAGGTGT GCAGCGTCAAGTTTAACTGGAA

IGFBP4 Insulin-like growth factor binding protein 4 AGAAGCCCCTGCGTACATTG TGTCCCCACGATCTTCATCTT

TGFbR1 Transforming growth factor beta receptor I CAGCTCCTCATCGTGTTGGTG GCACATACAAATGGCCTGTCTC

PPARg Peroxisome proliferator activated receptor

gamma

TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT

IL17a Interleukin 17A TTTAACTCCCTTGGCGCAAAA CTTTCCCTCCGCATTGACAC

IL4 Interleukin 4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

P53 Transformation related protein 53 GTCACAGCACATGACGGAGG TCTTCCAGATGCTCGGGATAC

Lipids (2010) 45:345–355 347
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BMD and Mechanical Testing

As shown in Table 3, the HFD caused a moderate decrease

in both BMD and maximum load of femur (P \ 0.05).

Feeding of the HFD for 12 weeks resulted in the devel-

opment of osteoporosis in the HFD-fed mice.

Bone Metabolism and Related Gene Expression

Profiles

The transcript levels of the femora genes related to bone

metabolism in the HFD group compared with the control

group are presented in Table 4. It is evident that the

magnitude of osteoblast-specific genes except Osteopontin

(SPP1) were down-regulated in femora of HFD-fed mice

and that the majority of osteoclast-specific genes were up-

regulated, such as cathepsin K (CTSK), integrin beta 3

(ITGB3) and calcitonin receptor (CALCR). Collagens are

the major components of the bone matrix and the extra-

cellular matrix, and matrix metalloproteinases (MMPs)

play a role in bone formation and in bone resorption by

degrading the bone matrix [14, 15]. The expression levels

of the listed genes encoding collagens (type I, II, V, IX and

XI) were diminished in femur of HFD-fed mice. The

transcription levels of some genes encoding MMP2,

MMP9, and MMP13 were slightly increased in the HFD-

fed mice, but MMP1a and MMP14 were 9.2- and 1.6-fold

down-regulated in the HFD group, respectively. The listed

genes engaged in the related regulation factors of bone

metabolism were found to be differentially regulated,

indicating that the HFD can induce increased bone

resorption and decreased bone formation. Moreover, bone

metabolic biomarkers were assayed and are shown in

Fig. 1. As expected, the HFD significantly reduced plasma

levels of P1CP (P \ 0.01) as a biomarker of bone forma-

tion and increased plasma levels of NTx (P \ 0.05) as a

biomarker of bone resorption, supporting the evidence of

gene expression profiles.

Lipid Metabolism- and Antioxidant System-Related

Gene Expression Profiles in Femur

As presented in Table 4, the majority of the genes engaged

in adipogenesis and lipid biosynthesis, such as peroxisome

proliferator activated receptor gamma (PPARg), CCAAT/

enhancer binding protein beta (CEBPb), twist gene

homolog 1 (TWIST1), and stearoyl-coenzyme A desatur-

ase 2 (SCD2), were down-regulated in the HFD group

compared with the control group. Also, HFD caused a

decrease in most of the gene expression of those engaged in

fatty acid oxidation, such as PPARg, apolipoprotein E

(APOE), acetyl-Coenzyme A acetyltransferase 1 (ACAT1),

and lipase (LIPE). In addition, the transcription levels of

genes encoding antioxidant enzymes superoxide dismutase

2 (SOD2), glutathione peroxidase 3 (GPx3), and thiore-

doxin reductase 1 (TXNRD1) in the HFD group were lower

than those in the control group.

Signal Transduction-Related Gene Expression Profiles

in Femur

Signal transduction pathway plays a key role in differ-

entiation, proliferation, and the function of bone cells.

The changes in the expression of the selected genes

involved in signal transduction are listed in Table 4. The

genes encoding insulin-like growth factor 1 (IGF1), IGF1

receptor, and some insulin-like growth factor binding

proteins (IGFBPs) were down-regulated in the HFD

group versus the control group. An increase in the

majority of cases of gene expression related to p53 signal

pathway associated with osteoblast apoptotic [16] was

found in the HFD mice. In addition, the magnitude of

genes encoding transforming growth factors, interleukins,

and their receptors were up-regulated, especially those

transforming growth factor, beta receptor I (TGFbR1,

13.9 folds) and IL-17a (9.8 folds). In contrast, IL-4, a

proinflammatory cytokine, was found to be down-regu-

lated by 2.5 fold.

Table 2 Food intake, body weight, and fat mass

Group Food intake (g/day) Energy intake (g/day) Initial body weight (g) Final body weight (g) Fat mass (g/g body weight)

Control 3.01 ± 0.16 11.82 ± 0.52 14.98 ± 0.97 23.56 ± 1.53 0.085 ± 0.010

HFD 2.74 ± 0.13* 13.43 ± 0.55* 14.81 ± 0.99 26.44 ± 1.67** 0.117 ± 0.012**

Values are expressed as means ± SDs for eight animals

* P \ 0.05, ** P \ 0.01 versus control

Table 3 BMD and bone mechanical testing

Group Femur BMD (mg/cm2) Femur maximum load (N)

Control 75.3 ± 1.3 27.9 ± 3.1

HFD 71.6 ± 2.1* 24.1 ± 2.6*

Values are expressed as means ± SDs for eight animals

* P \ 0.05 versus control
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Table 4 Changes in gene expression in the HFD group compared with the control group

Probe set ID Gene name Gene symbol Fold change

(HFD vs. Control)a

Osteoblast specific

1449880_s_at Bone gamma-carboxyglutamate protein 2/

osteocalcin

BGLAP2 -1.6

1423611_at Alkaline phosphatase 1 ALPl -1.6

1423669_at Collagen type I, alpha 1 COL1a1 -1.7

1422176_at Fibroblast growth factor 23 FGF23 -2.8

1449254_at Secreted phosphoprotein 1/osteopontin SPP1 1.5

Osteoclast specific

1450652_at Cathepsin K CTSK 1.7

1451944_a_at Receptor activator of nuclear factor-kB ligand RANKL/TNFSF11 1.5

1430259_at Receptor activator of nuclear factor-jB RANK 2.1

1422978_at NADPH oxidase 2 NOX2 2.6

1450413_at Platelet derived growth factor, B polypeptide PDGFB 6.1

1421511_at Integrin beta 3 ITGb3 2.0

1418688_at Calcitonin receptor CALCR 6.9

Collagens

1423669_at Collagen, type I, alpha 1 COL1a1 -1.7

1450857_a_at Collagen, type I, alpha 2 COL1a2 -1.5

1450567_a_at Collagen, type II, alpha 1 COL2a1 -2.0

1416741_at Collagen, type V, alpha 1 COL5a1 -1.6

1460734_at Collagen, type IX, alpha 3 COL9a3 -2.5

1423578_at Collagen, type XI, alpha 2 COL11a2 -2.6

1418599_at Collagen, type XI, alpha 1 COL11a1 -1.6

Matrix Metalloproteinases

1422175_at Matrix metallopeptidase 1a MMP1a -9.2

1439364_a_at Matrix metallopeptidase 2 MMP2 1.5

1416298_at Matrix metallopeptidase 9 MMP9 1.5

1417256_at Matrix metallopeptidase 13 MMP13 1.6

1448383_at Matrix metallopeptidase 14 MMP14 -1.6

1433662_s_at Tissue inhibitor of metalloproteinase 2 TIMP2 -1.7

1450974_at Tissue inhibitor of metalloproteinase 4 TIMP4 -1.7

1421910_at Transcription factor 20 TCF20 1.5

Regulation factors of bone metabolism

1422912_at Bone morphogenetic protein 4 (positive

regulation of bone mineralization)

BMP4 -2.0

1423635_at Trans-acting transcription factor 7/Osterix

(positive regulation of osteoblast

differentiation)

SP7/OSX -1.5

1449864_at FBJ osteosarcoma oncogene

(positive regulation osteoblast differentiation)

FOS -1.7

1419762_at Ubiquitin D

(positive regulation osteoblast differentiation)

UBD -1.6

1417599_at CD276 antigen

(positive regulation of bone mineralization)

CD276 -2.3

1427994_at CD300 antigen like family member F

(positive regulation of osteoclast

differentiation)

CD300lf 1.7

1418110_a_at Inositol polyphosphate-5-phosphatase

D (negative regulation of bone resorption)

INPP5D -1.6
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Table 4 continued

Probe set ID Gene name Gene symbol Fold change

(HFD vs. Control)a

Lipid metabolism: adipogenesis and lipid biosynthesis

1420715_a_at Peroxisome proliferator activated receptor

gamma

PPARg -2.1

1449945_at Peroxisome proliferative activated receptor,

gamma, coactivator 1 beta

PPARgC1b -1.6

1427844_a_at CCAAT/enhancer binding protein (C/EBP), beta CEBPb -4.6

1423402_at cAMP responsive element binding protein 1 CREB1 1.8

1450403_at Signal transducer and activator of transcription 2 STAT2 2.3

1426587_a_at Signal transducer and activator of transcription 3 STAT3 -1.6

1433508_at Kruppel-like factor 6 KLF6 -1.9

1426065_a_at Tribbles homolog 3 (Drosophila) TRIB3 -1.5

1448816_at Prostaglandin I2 (prostacyclin) synthase PTGIS -1.5

1418733_at Twist gene homolog 1 (Drosophila) TWIST1 -24.5

1433612_at Adaptor-related protein complex 2, sigma 1

subunit

AP2s1 -1.6

1448368_at Dynactin 6 DCTN6 -1.5

1451308_at Elongation of very long chain fatty acids -like 4 ELOVL4 -1.5

1415824_at Stearoyl-Coenzyme A desaturase 2 SCD2 -1.8

1435659_a_at Triose-phosphate isomerase 1 TPI1 -1.5

1438919_x_at Farnesyl diphosphate farnesyl transferase 1 FDFT1 -3.7

1423832_at Protein kinase, AMP-activated, gamma 2 non-

catalytic subunit

PRKAG2 1.8

1416383_a_at Pyruvate carboxylase PCX 1.7

Lipid metabolism: fatty acid Oxidation

1420715_a_at Peroxisome proliferator activated receptor

gamma

PPARg -2.1

1432466_a_at Apolipoprotein E APOE -1.5

1455972_x_at Hydroxyacyl-Coenzyme A dehydrogenase HADH -1.6

1435659_a_at Triose-phosphate isomerase 1 TPI1 -1.5

1451271_a_at Acetyl-Coenzyme A acetyltransferase 1 ACAT1 -1.5

1417008_at Carnitine acetyltransferase CRAT -1.5

1438156_x_at Carnitine palmitoyltransferase 1a CPT1a -1.7

1422820_at Lipase, hormone sensitive LIPE -1.5

1429581_at Acyl-Coenzyme A dehydrogenase family,

member 9

ACAD9 -1.7

1419031_at Fatty acid desaturase 2 FADS2 -1.9

1423883_at Acyl-CoA synthetase long-chain family

member 1

ACSL1 1.5

1422703_at Glycerol kinase GYK 1.6

Antioxidant system

1448610_a_at Superoxide dismutase 2 SOD 2 -1.5

1449106_at Glutathione peroxidase 3 GPx3 -1.7

1421529_x_at Thioredoxin reductase 1 TXNRD1 -6.5

Insulin-like growth factor signaling

1419519_at Insulin-like growth factor 1 IGF1 -1.5

1426565_at Insulin-like growth factor I receptor IGF1R -1.6

1423062_at Insulin-like growth factor binding protein 3 IGFBP3 -2.5

1423756_s_at Insulin-like growth factor binding protein 4 IGFBP4 -2.1
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Confirmation of Differential Expression of Selected

Genes by Real-Time RT-PCR Analysis

We validated our microarray findings by conducting real-

time PCR assays on the selected genes. When gene

expression profiles obtained by microarray analysis and

quantitative RT-PCR were compared, their patterns were

very similar with regard to the direction (up- or down-

regulation), despite some slight variations (Fig. 2). Col-

lectively, the quantitative PCR results demonstrated the

reliability of the microarray analysis.

Discussion

The present study provides gene transcript profiles of the

femur bone of growing C57BL/6 mice fed a dyslipidemic

HFD for 12 weeks to help to reveal further the molecular

mechanisms underlying the HFD-induced bone loss. Our

emphasis was primarily on genes engaged in lipid metabo-

lism, bone metabolism, and the related signal transduction

pathway mainly through Gene Ontology analysis. Further-

more, the validity of our microarray findings was confirmed

by conducting real-time RT-PCR assays on the selected genes.
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metabolic markers including
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diet and an HFD. Values are

expressed as means ± SDs
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Table 4 continued

Probe set ID Gene name Gene symbol Fold change

(HFD vs. Control)a

1452114_s_at Insulin-like growth factor binding protein 5 IGFBP 5 -1.5

1423584_at Insulin-like growth factor binding protein 6 IGFBP 6 -1.7

1416953_at Connective tissue growth factor CTGF -2.1

1448594_at WNT1 inducible signaling pathway protein 1 WISP1 -1.5

P53 dependent apoptotic pathway

1427739_a_at Transformation related protein 53 TRP53/P53 2.5

1424638_at Cyclin-dependent kinase inhibitor 1A (P21) CDKN1a -1.6

1450223_at Apoptotic peptidase activating factor 1 APAF1 1.5

1419513_a_at Ect2 oncogene ECT2 1.6

1456005_a_at BCL2-like 11 (apoptosis facilitator) BCL2L11 1.5

1426165_a_at Caspase 3 CASP3 1.5

Cytokine factors and related receptors

1417455_at Transforming growth factor, beta 3 TGFb3 2.0

1420653_at Transforming growth factor, beta 1 TGFb1 -1.6

1420893_a_at Transforming growth factor, beta receptor I TGFbR1 13.9

1421672_at Interleukin 17A IL17a 9.8

1426507_at Interleukin 1 family, member 5 (delta) IL1F5 3.2

1422177_at Interleukin 13 receptor, alpha 2 IL13Ra2 1.6

1449864_at Interleukin 4 IL4 -2.5

1422397_a_at Interleukin 15 receptor, alpha chain IL15Ra -2.8

a The mRNA levels in the HFD group were compared with the control group. Fold-change calculations are based on means of signal values in

each group of four mice after background subtraction (P \ 0.05), with a negative fold change representing down-regulated expression
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C57BL/6 mice were used as a model for HFD-induced

low BMD in our study since the lipid metabolism and bone

metabolism changes in these animals are similar to those that

occur in humans [17, 18]. Lac et al. [11] have demonstrated

that fat mass is negatively correlated with bone mineral

density. As expected, the dyslipidemic HFD induced sig-

nificantly more body weight gain and fat mass but signifi-

cantly lower femoral BMD and maximum mechanical load.

Bone is primarily comprised of collagen and mineral, which

together provides its mechanical properties [19]. Accord-

ingly, this finding suggests that both the matrix and mineral

content of femurs were affected by the HFD. In addition, the

HFD-induced poor mechanical properties suggest that cor-

tical bone was influenced since the three-point bending test

evaluates changes in a substantial quantity of cortical bone.

This finding is similar to others reports for bone status

influenced by other high-fat diets [8, 9, 11].

In the terms of bone formation, the HFD down-regulated

most genes engaged in bone mineralization, corresponding

to decreased levels of plasma P1CP, a bone formation bio-

marker. Runx2 and Osterix (OSX), a series of transcriptional

activation events, are essential for osteoblast differentiation

[20]. Runx2 knockout or OSX knockout mice show the

complete lack of both intramembranous and endochondral

ossification due to the absence of osteoblast differentiation

[20]. In our microarray data, the HFD brought about a 1.5-

fold decreased regulation of OSX but no significant change

in Runx2 expression. In addition, FOS and other regulators

were down-regulated in the HFD group, suggesting that the

HFD could depress osteoblastic differentiation and bone

formation [20, 21]. Conversely, the HFD up-regulated the

majority of genes engaged in osteoclast activity, corre-

sponding to the increased plasma levels of NTx, a bone

resorption biomarker. In addition, expression levels of most

of the collagens and tissue inhibitors of metalloproteinase

were decreased, but some genes encoding matrix metallo-

proteinase (MMPs) were up-regulated in the HFD-fed mice,

such as MMP9 which plays an important role in bone matrix

degradation [15, 22]. Interestingly, MMP1a mRNA was

strongly decreased by 9.2 folds in the HFD-fed mice. MMP1

is known as a collagenase predominantly expressed in

osteoblasts, and it can play a role in bone formation by

cleaving the native triple helix of type I collagen [23, 24].

Therefore, the strong down-regulation of MMP1 may reflect

the diminished osteoblastic activity in the HFD-fed mice.

Overall, the above-mentioned results indicate that the HFD

can not only inhibit bone formation but also enhance bone

resorption in growing mice.

In some previous studies, HFD was shown to cause

inhibitory bone formation and osteoblastic differentiation

in mice and in vitro evidence [12, 25–27], but its effects on

bone resorption and on osteoclastic proliferation and dif-

ferentiate had never been observed. However, a new study

from Cao et al. [13] has indicated that an HFD may bring

about increased bone resorption and osteoclast activity in

mice without effects on bone formation. These differences

between the previous study results and our results may be

attributed to the variations in physiological stages, dietary

compositions, feeding periods, and experimental method.

In our study, the microarray approach provides an oppor-

tunity to examine the effects of HFD on bone metabolism

in a global manner, but further studies will be necessary to

validate this speculation.

Lipid metabolism is closely associated with bone

metabolism, since osteoblasts and adipocytes appear to be

derived from a common mesenchymal stem cell pool [28,

29]. HFD-induced LDL oxidation products promote osteo-

porotic loss of bone by directing progenitor marrow stromal

cells to undergo adipogenic instead of osteogenic differen-

tiation through activating PPARg [25]. Indeed, it has been
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Fig. 2 Verification of the expression changes of BGLAP2 (osteocal-

cin), COL1a1, IGFBP4, IL4, MMP1a, PPARg, IL17a, MMP9, NOX2,

RANK, TGFbR1, and P53 using quantitative RT-PCR. The relative

expression level of each sample was calibrated by the comparative

threshold cycle method, using b-actin as an endogenous control. Data

are expressed as fold changes (means ± SDs, n = 4 for each group),

normalized to b-actin mRNA expression, where the values for the

control mice were set at 1.0. ?P \ 0.01 and ??P \ 0.001 compared

with the control mice
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reported that PPARg plays an important role in lipid

metabolism and bone development. PPARg activation has

been demonstrated to decrease osteoblastic and osteoclastic

formation [30, 31] and to increase adipogenesis and lipid

catabolism [31–33]. However, the majority of the examples

of gene expression involved in adipogenesis, lipid biosyn-

thesis, and fatty acid oxidation were down-regulated by the

HFD in our data, such as PPARg, CEBPb which cooperates

with PPARs to induce adipogenesis [34], lipase, and APOE.

This gene expression profile is not consistent with the pre-

vious reports that HFD could promote lipogenesis and

inhibit osteogenesis via PPARg activation [25–27]. This

discrepancy may result from differences in pathologic pro-

cesses or fatty acid compositions of diets. Indeed, HFD

provides a higher dietary energy density and consequently

can induce obesity [35], several unsaturated fats have been

demonstrated to activate PPARs to regulate adipogenesis

[36], and high ratios of omega3/omega6 polyunsaturated

fatty acids can decrease PPARg mRNA levels [37, 38].

Moreover, a decrease in lipid anabolism profile may be a

response to excessive adipogenesis to resist obesity in the

present study. On the other hand, the present data indicate

that the HFD may cause enhanced osteoclastic function and

depressed lipid catabolism through decreased PPARg acti-

vation. Some previous similar observations in rodents have

also shown that a diet rich in saturated fats brought about

high plasma levels of triglyceride and cholesterol together

with a small decrease in apolipoproteins [39, 40]. Further-

more, the APOE-/- mice fed an HFD have been demon-

strated to enhance reduction of bone formation and vascular

atherosclerotic lesions [41]. Accordingly, we presume that

the dyslipidemic HFD-induced bone loss may be partially

attributed to the impaired lipid catabolism capacity.

Another notable gene engaged in bone resorption was

2.6-fold up-regulated NADPH oxidase 2 (NOX2). NOX

has been known to generate large quantities of mitochon-

drial reactive oxygen species (ROS) during bone resorption

[42]. ROS, which specifically regulates signaling pathways

by reversible oxidation of proteins [43], not only augments

osteoclastic differentiation and function, but also is

essential for osteoclastic differentiation [42, 44]. Moreover,

in the present data, the genes encoding antioxidant

enzymes including SOD2, GPx3, and TXNRD1 were

down-regulated in the HFD group, indicating that the HFD

could result in bone oxidative stress, an imbalance between

free radicals and antioxidant system. Other studies have

shown that lipid oxidation caused by excessive levels of

ROS may have opposite effects on bone formation [12, 25].

Furthermore, an increasing number of studies have pro-

vided evidence for a strong relationship between oxidative

injury and osteoporosis in diabetes mellitus and at post-

menopause [45–47]. Thus, the HFD-induced bone loss may

also be associated with oxidative stress.

Besides changes in bone metabolism- and lipid

metabolism-related gene expression, the differential alter-

nations in transcript levels of many genes related to signal

transduction in the HFD-fed mice compared with the

control were found in our microarray data. There were the

down-regulated genes encoding IGF1, IGF1 receptor and

some IGFBPs in the HFD group. Previous studies sug-

gested that IGF1 can stimulate osteoblastic proliferation

and bone formation [48] and that decreased IGF1 predis-

poses to osteoporosis [49]. Bielohuby et al. [50] also

reported that low-carbohydrate/high-fat diets impaired

longitudinal growth, possibly mediated by reductions in

IGF-1 in rats. IGFBPs play modifying roles in IGF action

by regulating both IGF half-life and access to IGF recep-

tors [51]. IGFBP4 has been shown to increase bone for-

mation in mice upon systemic administration [52]. The

decreased IGFBP4 mRNA expression in the HFD mice

may therefore have inhibited bone formation in this study.

Hirasawa et al. [41] suggested that APOE gene defi-

ciency enhances the reduction of bone formation induced

by an HFD through the stimulation of transformation

related protein 53 (P53)-mediated apoptosis in osteoblasts.

It is well known that P53 negatively regulates osteoblastic

differentiation and bone formation [16, 53]. The strong up-

regulation of the gene encoding P53 was observed in the

HFD group, indicating that P53 dependent osteoblastic

apoptotic may be one of causative factors for the HFD-

induced inhibitory bone formation.

On the other hand, there is an increase in mRNA levels

of receptor activator of nuclear factor-kB (RANK) and

receptor activator of nuclear factor-kB ligand (RANKL) in

our data without changes in osteoprotegerin (OPG)

expression. Growth transforming factors [54] and cytokines

[55–57] have been known to stimulate osteoclastogenesis

and bone resorption by RANK/RANKL pathway, such as

IL-1, IL-6, IL-17, and TNF-a. In fact, some studies have

shown that HFD-induced hypolipidemia and/or obesity is

often associated with elevated levels of inflammatory

markers [58, 59]. Our microarray data show a large up-

regulation of TGFbR1 and IL-17a expressed primarily in T

cells[60] in the HFD-fed mice, which can contribute to

enhanced bone resorption, despite a small decrease in

TGFb1 expression and no significant changes in TNF-a,

IL-1, and IL-6 expression.

Another notable observation was the decreased IL-4

mRNA expression in HFD mice, which is secreted by

activated Th2 cells [61]. IL-4 has been shown to inhibit

bone resorption through inhibiting NF-jB and Ca2? sig-

naling [62] or through a direct action on osteoclast pre-

cursors via PPARg [61] in an in vitro model. In

atherosclerotic lesions of Apoe-/- mice, Th1 cells are

dominant, as the cytokines IFN-c, IL-2, and TNF-a are

highly expressed, whereas low amounts of the Th2
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cytokines IL-4, IL-5, and IL-10 can be detected [63].

Indeed, there is a decrease in IL-4, PPARg and APOE

expression in the HFD-fed mice in the present data,

although the undeterminable changes in expression levels

of other cytokines were found, such as IFN-c and IL-10.

Therefore, the HFD-induced decreased IL-4 transcript in

bone may have adverse effects on preventing bone loss.

In summary, the present results from various bone

parameters indicate that the HFD induces alterations to

skeletal growth and consequently causes an adverse bone

status in C57BL/6 mice. The changes in global gene

expression profiles of proximal femur suggest that the HFD

may cause negative effects on bone formation and promotive

effects on bone resorption, together with abnormal lipid

metabolism as reflected by the decreased transcript levels of

most of the genes engaged in adipogenesis and fatty acid

oxidation. Furthermore, the HFD-induced inhibitory bone

formation maybe due to the changes in gene expression

involved in the IGF-1 signaling pathway and P53 apoptotic

pathway. The great up-regulation of TGFbR1 and IL-17a and

the down-regulation of IL-4 in bone of mice fed HFD may

lead to a stimulation of bone resorption through the RANK/

RANKL pathway associated with low PPARg expression.

Our study is the first time microarray data has been

provided for an opportunity to gain a better understanding

of the basis for the impacts of HFD on bone physiological

function and to identify the related signal transduction

pathway. However, it is necessary to obtain further con-

firmation at the protein level and with functional analysis.
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Abstract Anteiso fatty acids (aFA) are substituted with a

methyl group on the antepenultimate carbon of the straight

acyl chain. This feature leads to a stereogenic center. The

12-methyltetradecanoic acid (a15:0) and the 14-methyl-

hexadecanoic acid (a17:0) are the most common aFA

found in food, although they occur only in very small

quantities. In this study we used gas chromatography in

combination with a chiral stationary phase to determine the

enantiomeric distribution of both a15:0 and a17:0 in the

neutral and polar lipids of aquatic food samples and

cheese. The best suited column was selected out of four

custom-made combinations of heptakis(6-O-tert-butyldi-

methylsilyl-2,3-di-O-methyl)-b-cyclodextrin (b-TBDM) with

different amount and polarity of an achiral polysiloxane.

After separation of polar and neutral lipids of the food

samples by solid phase extraction, fatty acid methyl esters

were prepared and the fatty acid methyl esters were

fractionated by reversed phase high performance liquid

chromatography. Measurements of fractions high in aFA

by enantioselective GC/MS in the selected ion monitoring

mode verified the dominance of the (S)-enantiomers

of a15:0 and a17:0 in both lipid fractions. However

(R)-enantiomers were detectable in all samples. The rela-

tive proportion of the (R)-enantiomers was up to fivefold

higher in the polar lipids than in the neutral lipids. The

higher proportions in the polar lipids indicate that micro-

organisms might be involved in the formation of (R)-aFA.

Keywords Methyl branched fatty acids �
Anteiso fatty acids � Chirality � Enantiomer separation �
Dairy products � Fish

Abbreviations

b-TBDM Heptakis(6-O-tert-Butyldimethylsilyl-2, 3-di-

O-methyl)-b-cyclodextrin

aFA Anteiso fatty acids

a15:0 12-Methyltetradecanoic acid

a16:0 13-Methylpentadecanoic acid

a17:0 14-Methylhexadecanoic acid

CSP Chiral stationary phase

ee Enantiomeric excess

ELSD Evaporative light scattering detector

FAME Fatty acid methyl ester

FID Flame ionization detection

GC Gas chromatography

GC/EI-MS Gas chromatography electron ionization mass

spectrometry

HPLC High performance liquid chromatography

NL Neutral lipids

PL Polar lipids

RP-HPLC Reversed phase high performance liquid chro-

matography

SIM Selected ion monitoring mode

SPE Solid phase extraction

Introduction

Anteiso fatty acids (aFA) bear a methyl substituent on the

antepenultimate carbon of the acyl chain. Consequently,

the carbon bearing the methyl branch is stereogenic. The
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12-methyltetradecanoic acid (a15:0) and the 14-methyl-

hexadecanoic acid (a17:0) are the most prominent aFA in

food. In marine biota and dairy products they contribute

with *1% to the fatty acid patterns [1, 2]. In contrast,

these aFA are dominant in the lipid bilayer (phospholipids)

of several gram-positive bacteria [3, 4], where they are

involved in keeping the membrane fluid when these

organisms are exposed to cold temperatures [5–7]. Addi-

tionally, aFA have even been reported to suppress the

proliferation of human cancer cells [8, 9].

Chirality is a specific feature of biomolecules which

impinges on the biological properties. Biochemical pro-

cesses are prevalently enantioselective and usually only

one enantiomer exhibits full biological activity. Hence,

knowledge of the absolute stereo-configuration of chiral

biomolecules—including the aFA—is essential for the

proper assessment of their bioactivity. However, the

chromatographic enantioseparation of the long-chain aFA

is a challenge, because it becomes the more difficult the

larger the distance is between the stereogenic center and

the functional group [10–12].

So far, an indirect enantiomer separation of long

chain aFA has been achieved by high performance liquid

chromatography (HPLC) [10, 12, 13]. In addition, gas

chromatography (GC) in combination with modified

cyclodextrins as the chiral stationary phase (CSP) was used

for the enantioseparation of food-relevant aFA [14]. Sev-

eral capillary columns coated with different CSP dissolved

in diverse polysiloxanes were tested, and b-TBDM was the

only CSP which allowed for the partial resolution of these

aFA [14]. Using a capillary column coated with 50%

heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)-b-

cyclodextrin (b-TBDM) in OV-1701, it was shown that

a15:0 and a17:0 were virtually (S)-enantiopure in dairy

products although the presence of traces of the respective

(R)-enantiomers could not be excluded [14]. In fact, small

amounts of (R)-enantiomers were detected in marine oils

[14]. It is noteworthy that aFA were higher concentrated in

the polar lipids of fish than in its neutral lipids, while no

significant differences were found in the lipids of dairy

products [15].

Here, we wished to explore whether there are differ-

ences in the enantiomeric distribution of aFA in neutral and

polar lipids of cheese and fish. With this goal in mind, we

first attempted to improve the enantioresolution of aFA by

variations in the ratio between the CSP and the achiral

polysiloxane of b-TBDM columns. The effect of different

ratios of CSP and polysiloxanes on the stereoselectivity has

been shown for flavor compounds by Mosandl and

coworkers [16]. Nevertheless, further chiral capillary col-

umns varying in terms of the amount of chiral selector, the

polarity of the polysiloxane as well as the film thickness of

the stationary phase were tested. The best column was

finally applied to the enantioselective determination of aFA

in food. For this purpose, polar (PL) and neutral lipids (NL)

were fractionated by solid phase extraction (SPE) [17].

After conversion of the lipid fatty acids into methyl esters

(FAME), aFA were enriched by means of reversed phase

HPLC [18].

Materials and Methods

Chemicals and Standards

Ethyl acetate (purest, Acros Organics, Geel, Belgium) and

cyclohexane (purest, VWR, Darmstadt, Germany) were

combined (1:1, v/v) and distilled to gain the azeotropic

mixture (54:46, v/v). Methanol, n-hexane (both HPLC

gradient grade), silica gel 60 (particle size 0.063–0.2 mm,

70–230 mesh) and methanolic BF3 (*10%) were from

Fluka (Taufkirchen, Germany). Individual racemic aFA

were from Larodan (Malmö, Sweden), whereas (S)-enan-

tiomers of aFA were synthesized by Thurnhofer and Vetter

[19].

Food Samples

The following six food samples were selected because they

were known to contain aFA both in PL and NL [14, 15]:

gilthead seabream (Sparus aurata) fillet, brown trout

(Salmo trutta fario) fillet, see bass (Dicentrarchus labrax)

fillet (all from local supermarkets) and seal oil (Pusa

sibirica; from a local market on the Lake Baikal), as well

as cow mozzarella (made from pasteurized milk, Italy) and

camembert (made from raw milk, Germany) cheeses.

Extraction of Food Samples

Lipids of food samples were gained by means of acceler-

ated solvent extraction (ASE 200, Dionex, Idstein,

Germany) as recently described [17, 20]. Briefly, *1 g of the

homogenized freeze dried sample was loaded into 11-mL

stainless steel cells, and the extraction was performed with

three portions of 40 mL of ethyl acetate/cyclohexane

(54:46, v/v) followed by two portions of 40 mL of meth-

anol/ethyl acetate (1:1, v/v) [17]. Extracts were combined,

concentrated by rotary evaporation (180 mbar, 30 �C water

bath temperature) and were then adjusted to a defined

volume (10–25 mL).

Solid Phase Extraction

Lipid fractionation was performed as recently described

[19]. In summary, approximately 5 mg of food lipids

diluted in 100 lL ethyl acetate/cyclohexane/methanol
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(45:45:10 by volume) were loaded onto a SPE column

containing 350 mg of deactivated silica (20%). NL were

eluted with 23 mL cyclohexane/ethyl acetate (1:1, v/v)

whereas PL were eluted with ethyl acetate/methanol (1:1,

v/v), methanol and methanol/water (98:2, v/v) into another

flask [17]. The two lipid fractions were rotary evaporated to

about 1 mL, transferred into derivatization tubes, and were

finally evaporated to dryness under a gentle stream of N2

(35 �C). Fatty acids in the dry lipid fractions were trans-

formed into the corresponding FAME using the boron

trifluoride method [1].

Enrichment of Anteiso FAME by Reversed Phase High

Performance Liquid Chromatography (RP-HPLC)

RP-HPLC analyses of FAME were carried out with a

Varian solvent pump and a Varian ProStar 325 UV-vis

detector (dual wavelength mode using 206 and 234 nm)

serially connected with a PL-ELS 2100 evaporative

light scattering detector (ELSD, Polymer Laboratories) (all

Varian, Darmstadt, Germany). The N2 nebulizer tempera-

ture was set at 40 �C and the ELSD drift tube flow was set

at 1.2 mL/min.

One milligram of FAME diluted in 50 lL methanol was

injected via a Rheodyne 7010 injector equipped with a 100-

lL sample-loop.

Three serially connected 250 mm 9 4.6 mm C18 col-

umns (ET 250/8/4 Nucleosil 7 C18; (7 lm particle size),

Supelcosil LC-18-DB (5 lm particle size), and ET 250/8/4

Nucleosil 5 C18-AB (5 lm particle size)) served as sta-

tionary phase while pure methanol was used as the mobile

phase (flow rate 0.9 mL/min) [18]. For the isolation of

aFA, the ELSD was disconnected and the fractions were

manually collected for 30 min, at time intervals of 0.5 min.

All HPLC fractions containing the individual aFA in

highest purity (a15:0 *15 min; a16:0 *17 min; a17:0

*19 min) were combined and concentrated to *10–

150 lL for subsequent GC/EI-MS analysis. Purity of the

respective fractions was determined by achiral GC/EI-MS

(see below).

Gas Chromatography in Combination with Electron

Ionization Mass Spectrometry (GC/EI-MS)

An HP GCD Plus system (Hewlett-Packard, Waldbronn,

Germany) was used to perform enantioselective GC/EI-MS

analyses. One microliter of standard or sample solution was

splitless injected (split opened after 2 min) at 250 �C via an

HP 6890 autosampler (Hewlett-Packard). Helium (purity

5.0, Sauerstoffwerke, Friedrichshafen, Germany) was used

as the carrier gas at a constant flow rate of 1.0 mL/min. The

transfer line temperature and ion source temperatures were

set at 280 and 165 �C, respectively. Enantioselective

determinations of aFA in food samples were performed by

GC/EI-MS in the selected ion monitoring (SIM) mode. The

six fragment ions m/z 74, m/z 87 [17, 21], m/z 256 (M? of

15:0 ME isomers), m/z 270 (M? of 16:0 ME isomers), m/z

284 (M? of 17:0 ME isomers), and m/z 282 (M? of 17:1

ME isomers) were recorded throughout the run.

Frequently, the required low isothermal elution tem-

peratures of a15:0, a16:0 and a17:0 resulted in retention

times longer than the maximum run time on our GC/MS

system (i.e. 650 min). Thus, a second run was immediately

started at the end of the first run (the column equilibration

time was set to 0 s, air was injected, the new run started

isothermal with the final temperature of the first run). The

GC oven program of the first run started at 60 �C, which

was held for 1 min; then the temperature was ramped with

20 �C/min to 112 �C (held 455 min) and thereafter with

1 �C/min to 132 �C (held for further 171 min). The GC

oven program of the second run started at 132 �C for 115 min,

and then the temperature was raised with 30 �C/min to

200 �C (held 15 min). The total run time was 782 min. In

this way, a17:0 eluted after *730 min (650 min first run

plus *80 min in the second run).

Achiral GC/EI-MS measurements of HPLC fractions

were performed with an HP 5971/5890 combo previously

described [21, 22] except for the following modifications:

A 60 m 9 0.25 mm 9 0.20 lm film thickness (df) SP

2331 column (Supelco, Bellefonte, PA, USA) was installed

in the GC oven and the temperature program started at

60 �C (held 1 min), was then ramped with 7 �C/min

to 180 �C (hold time 2 min), afterwards with 3 �C/min to

200 �C (hold time 2 min), and finally at 3 �C/min to

220 �C (held for 10 min). The total run time was 45.5 min.

Heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)-

b-cyclodextrin (b-TBDM) Columns Tested

The chiral stationary phase was synthesized as previously

described [14]. The following combinations of the CSP

with 14% cyanopropylphenyl, 86% dimethyl polysiloxane

(OV-1701) or 5% phenyl, 95% methyl polysiloxane (DB-5)

were prepared according to Blum and Aichholz [23]: (1)

50% b-TBDM in OV-1701 (2) 66% b-TBDM in OV-1701

(3) 50% b-TBDM in DB-5 (all 30 m long, 0.25 mm i.d.,

0.2 lm df), as well as (iv) 66% b-TBDM in OV-1701

(30 m, 0.25 mm i.d., 0.18 lm df).

Initial tests of the b-TBDM columns were performed by

flame ionization detection (FID) as described elsewhere

[14]. For each column, isothermal temperatures (108–

125 �C) were stepwise lowered (1 �C steps), until the best

resolution was obtained for racemic a15:0 and a17:0

standards. Temperature changes showed the same effects

for both aFA (and also a16:0), so that final column opti-

mization was carried out with only the a15:0. The best

Lipids (2010) 45:357–365 359
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suited column was then transferred to the GC/EI-MS sys-

tem, making sure that the linear velocity of the carrier gas

was equal on both the GC/FID and the GC/EI-MS system.

In this way, retention time shifts were marginal (\10 min).

Method Validation and Mode of Evaluation

The enantiomeric distributions of aFA in food samples

were expressed by the enantiomeric excess (ee), which was

calculated with formula 1:

ee% ¼ ðSÞ-aFA� ðRÞ-aFA

ðSÞ-aFAþ ðRÞ-aFA
� 100 ð1Þ

with (S)-aFA and (R)-aFA being the peak area and (S)-aFA

being the major enantiomer.

Determination of small amounts of (R)-aFA was carried

out as follows. Gas chromatograms from pure (S)-aFA

were superimposed with those containing small amounts of

(R)-aFA and the excess of peak area from the latter was

calculated. Repeated integration (n=3) resulted in an

accuracy of the ee% determination of ±0.5%. Final veri-

fication was obtained by weighing the cut chromatograms

from prints on 80-g paper. The gravimetric results were

generally within the ±0.5% frame assessed by integration.

To ensure the absence of potential memory peak from

previous runs which could falsify the enantioselective

measurements, three runs with fast temperature programs

(started at 60 �C (held 1 min) and ramped with 10 �C/min

to 200 �C (held 15 min)) were carried out before the

analysis of the next sample. The characteristic GC/EI-MS-

SIM ions traces (see ‘‘Material and Methods’’) m/z 74, m/z

87 as well as M? were normalized to the same peak high

[14]. While the ion traces of the two anteiso enantiomers

showed exactly the same peak shape, this feature was not

observed for other fatty acids including iFA. Additionally,

random samples were spiked with racemic standards,

which again confirmed the presence of both enantiomers.

The GC/EI-MS-SIM method enabled the non-interfered

enantioselective analysis of the aFA obtained from the NL

and PL fractions. Chromatograms with low abundant/noisy

peaks were smoothed by using the method of Savitzki and

Golay [24].

Results and Discussion

Analysis of Racemic aFA as Methyl Esters on Different

Chiral Capillary Columns

The enantioselectivity of a CSP is affected by both the type

and amount of the CSP and the achiral polysiloxane [16,

25]. Previously, several b-TBDM columns were tested, and

columns containing 50% b-TBDM in OV-1701 gave better

results than those with lower amounts of the CSP [14].

Starting from the 50% b-TBDM column used in our pre-

vious studies [14, 26] two new b-TBDM columns were

produced by (a) decreasing the polarity of the polysiloxane

from OV-1701 to DB 5 or (b) increasing the amount of the

CSP from 50 to 66%. Results from columns with such high

amounts of b-TBDM (i.e. 66%) in a polysiloxane have not

been published before. The columns were initially installed

in a GC/FID system and tested by isothermal elution of

a15:0-a17:0. The temperature was subsequently lowered

by 1 �C until the best resolution (i.e. the deepest valley

between the two enantiomers) was obtained (see Materials

and Methods). Retention times of analytes are known to

increase with increasing amounts of the CSP [16, 27], and

this was also observed for the racemic aFA. At similar

retention times, the elution temperature for a15:0 was 3 �C

lower on the 50% b-TBDM than on the 66% b-TBDM.

Nevertheless, the resolution was much better for the 66%

b-TBDM column (33 vs. 16% valley between both enan-

tiomers on 50% b-TBDM, Table 1).

On the 50% b-TBDM in DB-5, the elution temperatures

even increased by *8 �C at a given temperature and the

resolution was worse than on the 50% b-TBDM in

OV-1701 (12 vs. 16%) (Table 1). This is in contrast with

chiral flavor compounds where the best enantioresolution

Table 1 Elution temperature and retention time regimes of the enantioseparation of racemic a15:0 methyl ester on different heptakis(2,3-di-O-

methyl-6-O-tert-butyldimethylsilyl)-b-cyclodextrin (b-TBDM) columns and corresponding resolution expressed in form of the valleys between

the two isomers (c & 10 ng/lL)

Column parameters Isothermal temperature (�C) Retention time tR1/tR2 [min] Valley (%)a

50% b-TBDM in DB-5 (0.2 lm df) 117 536.5/541.3 12

50% b-TBDM in OV-1701 (0.2 lm df) 109 550/555.5 16

66% b-TBDM in OV-1701 (0.2 lm df) 112 526.5/532.5 33

66% b-TBDM in OV-1701 (0.18 lm df) 112 430.5/435 35

66% b-TBDM in OV-1701 (0.2 lm df) 110 604/611 30

66% b-TBDM in OV-1701 (0.18 lm df) 110 491.5/497.5 30

a Ratio between the (mean of the) peak maxima of the two enantiomers and the minimum between them
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on b-TBDM was obtained in combination with less polar

polysiloxanes [16]. The better resolution of aFA on the

more polar polysiloxane could be due to the fact that OV-

1701 provides the best mixing properties with cyclodex-

trins [16], which is the more difficult the higher the amount

of the cyclodextrin (here: 66%), and the lower the oper-

ating temperature is [20].

The best results were obtained with 66% b-TBDM in

OV-1701 but the retention times of the aFA on this column

were rather long. We thus attempted to reduce the retention

of aFA at a given elution temperature by a new column

with lower film thickness (0.18 lm instead of 0.2 lm). The

thinner film of the 66% b-TBDM in OV-1701 decreased

the retention times at a given temperature (e.g. 110 �C) by

more than 100 min without loss of enantiomeric resolution

(see Table 1). As expected, the enantiomeric resolution

waned with increasing chain length of the aFA. For a15:0

and a17:0 the maximum enantiomeric excess that could be

established was ee [ 97.5% and ee = 95%, respectively

(see below). This resolution was sufficient for the deter-

mination in samples with non-racemic composition of

the analytes (Fig. 1). Consequently, this column (66%

b-TBDM in OV-1701, 30 m, 0.25 mm i.d., 0.18 lm df)

was used for the analysis of aFA in food samples by

GC/EI-MS-SIM.

Enrichment of Anteiso Fatty Acids from Food Samples

aFA are minor fatty acids in food (\0.6% of total lipids

[15]) which need to be enriched before the enantioselective

GC analysis can be commenced [14]. Thurnhofer et al. [14]

used urea complexation in combination with silver ion

liquid chromatography for this purpose. However, these

procedures are time consuming and accompanied with

significant loss of the analytes (especially during urea

complexation). Therefore, we chose to perform the sample

fractionation by RP-HPLC (see ‘‘Materials and Methods’’).

In RP-HPLC, retention times of saturated FAME increased

with the chain length while the retention decreased the

more double bonds were present at a given chain length

(e.g. 18:3 \ 18:2 \ 18:1 \ 18:0) [22]. Methyl branches

had only a small effect on the retention, so that a15:0 and

i15:0 (longest chain C14, respectively) eluted into the same

RP-HPLC fractions as 14:0 (and a17:0/i17:0 as 16:0) [18].

In dependence of the concentration in the sample, FAME

were distributed over 2–5 HPLC fractions with aFA mainly

targeted in two fractions. Fractions with aFA (see ‘‘Mate-

rials and Methods’’) contained no further relevant fatty

acids than those mentioned and could be subjected

to enantioselective analysis by GC/EI-MS on the 66%

b-TBDM column. The RP-HPLC enrichment was suited

for a15:0 and a17:0 in NL and PL. Moreover, a16:0 was

detected in the PL of sea bass and could be studied as well

(see below). Before, this even-numbered aFA has only

been detected after selective enrichment by urea com-

plexation [14]. In the sea bass, the concentration of a16:0

was *0.9% of 15:0 (84 mg/100 g PL [15]) and thus in the

0.8 mg/100 g range. Obviously, the RP-HPLC fraction-

ation provided a similar enrichment effect for branched

chain fatty acids as urea complexation.

Enantioselective GC/EI-MS-SIM Analysis of aFA

in Food Samples after Conversion into Methyl Esters

and Enrichment by RP-HPLC

Injections of enantiopure aFA standards [19], verified that

the (R)-enantiomer eluted prior to the (S)-enantiomer [14].

We also checked the retention times of other compounds in

the HPLC fractions and observed no co-elutions with aFA

on the 66% b-TBDM in OV-1701 column. However, the

elution order of anteiso and iso isomers on b-TBDM was

reversed in comparison with achiral stationary phases (e.g.

OV-1701, DB-5 or the polar 100% cyanopropyl polysi-

loxane [15]). Thus, the effect must originate from the

interaction of the branched chain fatty acid isomers with

(a)

(b)

(c)

CH3

CH3

O

OH

722 726 730 734 738 [min]

Irel

Irel
(R/S)-a17:0

444 448 452 456 460       [min]

562 564 566 568 570 [min]

Irel

(R/S)-a16:0

(R/S)-a15:0

14
1CH3

CH3

Fig. 1 Gas chromatographic enantioseparation (66% b-TBDM in

OV-1701, 30 m, 0.25 mm i.d., 0.18 lm df) of racemic standards of

methyl esters of a15:0, a16:0 and a17:0 (c & 10 ng/lL)
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the CSP, most likely due to the three-dimensional geometry

of the b-TBDM.

Fish und Seal Oil

In the sea bass sample, a15:0 and a17:0 were detected in

both the neutral and the polar lipids. In all occasions the

(S)-enantiomers were predominant. However, low amounts

of the (R)-enantiomers were detected as well (Table 2).

Interestingly, the (R)-a17:0 was much more abundant

in the PL (ee = 86%, 7.1% (R)-a17:0) than in the NL

(ee [ 95%, \2.5% (R)-a17:0). This result was observed

for a15:0 (ee = 88% in PL vs. [90% in the NL) as well

(see Table 2). As mentioned previously, traces of a16:0

were detected in the PL (but not in the NL) of the sea

bass sample. The (S)-enantiomer dominated over the (R)-

16:0 (ee = 84%) similarly to (S)-a17:0 in the PL of sea

bass (Table 1 and Fig. 2a). One presumed biosynthesis

pathway of aFA involves isoleucine-derived 2-methyl-

butanoyl-CoA as primer instead of acetyl-CoA [28].

While this pathway can explain the formation of odd

numbered aFA (i.e. a15:0 and a17:0), it does not fit for

a16:0. Hence, there must be either a different biosynthesis

pathway for even-numbered aFA, or the low amounts of

a16:0 may originate from a-oxidation of a17:0. For

instance, myxobacteria are able to convert odd-numbered

iso-FA (e.g. i17:0) into even-numbered iso-FA (e.g. i16:0)

by a-oxidation [29]. Since a16:0 and a17:0 (but also

a15:0) showed almost the same enantiomeric excess of

the (S)-enantiomer in the PL (Fig. 2b, c; Table 1), a16:0

might indeed be formed by oxidative degradation of

a17:0.

Higher proportions of (R)-a15:0 in PL than in NL were

also measured in trout and gilthead sea bream (Fig. 3)

while (R)-a17:0 was absent or found in traces only in both

the PL and the NL (ee C 95%) (Table 2). However, the

highest relative amounts of (R)-aFA were determined in

the seal oil with 15.9% (R)-a15:0 (ee = 67%) and 14.5%

(R)-a17:0 (ee = 71%).

Table 2 Enantiomeric distribution of anteiso fatty acids (aFA) in the neutral and polar lipids of food samples, expressed as the enantiomeric

excess %(ee) and the proportion of the (R)-enantiomers

Sample name Sea bass Trout Gilthead seabream Seal oil Camembert Mozzarella

aFA Lipid class Enantiomeric excess (%ee); proportion of (R)-enantiomer

a15:0 NL [90a; \5 93; 3.3 92; 4.1 87; 6.6 96; 2.2 97.5; 1.2

PL 88; 6.0 88; 5.6 87; 6.5 68; 15.9 75; 12.3 77; 11.4

a16:0 NL n.d.b n.d. n.d. n.d. n.d. n.d.

PL 84; 8.2 n.d. n.d. n.d. n.d. n.d.

a17:0 NL [95c; \2.5 [95; \2.5 95; 2.5 89; 5.7 [95; \2.5 [95; \2.5

PL 86; 7.1 [95; \2.5 95; 2.5 71; 14.5 88; 6.0 [95; \2.5

a ee could not be determined exactly, due to low signal-to-noise ratio
b n.d. = not detected: \0.8 mg/100 g
c Detection limit of the (R)-enantiomer of a17:0 was 2.5% (ee [ 95%)

Irel

Irel

445 455 465 475  [min]

(S)-a15:0

(R)-a15:0

i15:0

725 730 735 740 750      [min]

(S)-a17:0

(R)-a17:0

i17:0

(a)

(b)

(c)

480 500 520 540 560 580    [min]

15:0

i16:0

Irel (S)-a16:0
(R)-a16:0

560 562 564 566 568   [min]

Irel

Irel (S)-a16:0Irel

Fig. 2 GC/EI-MS chromatograms (66% b-TBDM in OV-1701) of

the enantioselective determination of the methyl esters of a a16:0,

b a15:0 and c a17:0 in the polar lipids of a sea bass sample. The

concentration of a16:0 was approximately\0.9% of the 15:0 (84 mg/

100 g lipids) and was thus estimated in the 0.8 mg/100 g lipids range
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The relative amounts of the (R)-aFA were [2.5 times

higher in the PL than in the NL (with (R)-a15:0 = 6.6%,

ee = 87%, and (R)-a17:0 = 5.7%, ee = 89%). Marine

mammals, such as seals are top predators of aquatic food

webs and mainly feed on larger fish. The relative high

proportions of (R)-aFA in the seal oil compared with the

fish samples analyzed might thus suggest an enantioselec-

tive discrimination of aFA along the food chain. It is

noteworthy in this context that all phospholipids substi-

tuted with either (S)-aFA or (R)-aFA are diastereomers

which have different physicochemical properties. The same

is true for triacylglycerides with R1 = R3. This could

eventually lead to the preferred accumulation of the (R)-

enantiomer. Furthermore, it is possible that microorgan-

isms are involved in this process due to the higher relative

abundance of (R)-aFA in the phospholipids.

Cheese Samples

Previously, only the (S)-enantiomers of aFA had been

detected in the lipids of dairy products [14, 30]. Results

from the marine samples indicated that (R)-aFA were more

relevant in the PL. However, the PL content of cheese is

very low (*1%) and the fatty acid (including the aFA)

content of total lipids is virtually characterized by the NL.

Thus, even large proportions of (R)-aFA in PL would be

overlooked as long as total lipids are analyzed (and for NL

mainly containing (S)-aFA). In this context it was inter-

esting to check this assumption by the separate determi-

nation of aFA in the NL and PL of cheese samples. In

addition, the enantiomeric resolution of aFA was signifi-

cantly improved in this study compared to Thurnhofer et al.

[14] which could only verify ee \ 96% for a15:0 due to the

worse gas chromatographic enantioresolution on the 50%

b-TBDM phase compared to this study. With the novel

66% b-TBDM column we were able to determine lower

relative amounts of (R)-aFA in dairy products (Table 1). In

the NL, 1.2% and 2% of (R)-a15:0 were detected in cam-

embert and mozzarella (see embedded chromatogram in

Fig. 4a). The small amounts of (R)-a15:0 detected in the

cheeses clearly demonstrated the improved performance of

the new column, since higher enantiomeric excesses

(ee [ 97.5% for a15:0) could be verified. However, much

higher proportions of (R)-a15:0 were detected in the PL of

camembert (12%, ee = 75%, Fig. 4b) and mozzarella

(12.3%, ee = 75%). (R)-a17:0 was neither detected in the

NL nor in the PL of mozzarella but the PL of camembert

also contained 6% of (R)-a17:0 (ee = 88%) while (R)-

a17:0 was not detected in the NL (Fig. 4c, d).

To our knowledge, these results mark the first detection

of (R)-aFA in the lipids of dairy products. These results

contradict those of the Shorland group, who found aFA to

be (S)-enantiopure in the lipids of food samples [30, 31].

However, these authors used fractional distillation and

430 440 450 460 470      [min]

Irel

(R)-a15:0 in PL

(R)-a15:0 
in NL

(S)-a15:0 i15:0

NL

PL

Fig. 3 GC/EI-MS chromatograms (66% b-TBDM in OV-1701) of

the enantioselective determination of a15:0 methyl ester in the polar

and neutral lipids of a gilthead sea bream sample

445 455 465 475 [min]

445 455 465 475 [min] 725 730 735 740 745        [min]

725 730 735 740 745        [min]

(b)
(S)-a15:0

(R)-a15:0

(S)-a17:0

(R)-a17:0

(S)-a15:0

(R)-a15:0

(S)-a17:0(S)-a15:0

i15:0

i17:0

i17:0

Irel

Irel

Irel Irel

Irel
(c)

(d)

441 445 449 453 457    [min]

(a)
(S)-a15:0

(R)-a15:0

Fig. 4 GC/EI-MS chromatograms (66% b-TBDM in OV-1701) of

the enantioselective determination of a15:0 methyl ester in a the NL

and b the PL of camembert as well as a17:0 methyl ester in c the NL

and d the PL of camembert. The embedded chromatogram in

a shows a 20-fold higher concentrated fraction with small amounts of

(R)-a15:0 (2%, ee = 96%)
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crystallization for the isolation of aFA from food samples

[32]. It could be possible that these procedures are

accompanied with enantiomeric fractionation (i.e. the loss

of the small amounts of the (R)-enantiomers). Alterna-

tively, it could be possible that small amounts of (R)-

enantiomers were overlooked.

The origin of the (R)-aFA in the food samples remains

largely unexplained. The stronger occurrence of the (R)-

enantiomer in PL compared to NL (which was up to 5

times higher for (R)-a15:0) could indicate that microor-

ganisms (e.g. rumen bacteria, marine microorganisms or

pathogenic bacteria in the case of the perishable fish) are

responsible for this event. Moreover, it is unclear whether

the (R)-aFA are formed in de novo syntheses or if they are

the product of (partial) enantiomerization or racemization.

These questions and the underlying biochemical mecha-

nisms are interesting topics to be clarified in future.
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Abstract KOH in aqueous methanol catalyzes selective

methanolysis of polar glycerolipids with O-ester-linked

acyl residues, while triacylglycerols and sterol esters are

inert in the solution. Based on these findings, a convenient

and reliable method was developed for the preparation of

fatty acid methyl esters (FAMEs) from polar glycerolipids

in lipid mixtures without prior isolation. Methanolysis of

polar glycerolipids was completed within 2.5 min by vor-

texing or 20 min by shaking with 0.7 M KOH/70% (v/v)

methanol in the presence of hexane at 30 �C. The yields of

FAMEs obtained by the present method were greater than

95%. The method was applied successfully to gas chro-

matographic analysis of the fatty acid compositions of

polar glycerolipids in seed oil and blood. No obvious dif-

ferences were found between the fatty acid compositions

determined by the present method and those determined by

conventional methods, including lipid extraction with

chloroform/methanol followed by isolation of polar lipids

by chromatography. The fatty acid composition of polar

glycerolipids, including phospholipids, can be determined

readily in many crude samples.

Keywords Fatty acid methyl ester �
Selective methanolysis � Transesterification �
Cholesterol ester � Phospholipid � Polar glycerolipids �
Triacylglycerol � Blood lipids � Seed oil

Abbreviations

CE Cholesterol ester

CEase Cholesterol esterase

FAME Fatty acid methyl ester

GC Gas–liquid chromatography

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PL Phospholipid

TG Triacylglycerol

Introduction

Phospholipids (PLs) are the major constituents of biologi-

cal membranes, and the fatty acid composition of PLs

affects the physical and chemical properties of the mem-

brane. Some of fatty acids found in PLs are also substrates

of physiologically active substances. The fatty acid com-

position and the n-3/n-6 polyunsaturated fatty acid balance

of blood and other organs are suggested to be related to

human health [1–4], while the fatty acid composition of

blood glyceroPLs reflects medium-term dietary intake from

weeks to months and hence also the nutritional and health

status of each individual [5–7]. The fatty acid composition

of glyceroPLs is determined by gas–liquid chromatography

(GC). In conventional analytical procedures [1, 3, 8–13],

total lipids are extracted from various biological materials

with a mixed solution of chloroform and methanol. After

phase separation, the chloroform layer is washed with

water, and concentrated to dryness. Total PLs are isolated

as polar lipids from total lipids by thin-layer chromato-

graphy (TLC) or column chromatography [14–16]. Total

PLs are scraped off the TLC plates or total PLs eluted
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through a column are concentrated to dryness. GlyceroPLs

in total PLs thus isolated are converted to fatty acid methyl

esters (FAMEs) by acid- or base-catalyzed methanolysis or

by saponification followed by methylation. These steps are

laborious and time-consuming, and it is difficult to treat

many samples simultaneously by these methods. Our

research has been made to prepare FAMEs selectively from

polar glycerolipids in lipid mixtures.

Polar glycerolipids are composed of glyceroPLs and

glyceroglycolipids in higher plants, while the polar glyc-

erolipids in mammals are exclusively glyceroPLs. In the

course of investigating base-catalyzed methanolysis, we

found that KOH in 70% methanol efficiently catalyzes

methanolysis of polar glycerolipids in the presence of

sterol esters and triacylglycerols (TGs) to produce FAMEs

derived from polar glycerolipids. Here, we describe a

convenient reagent and simplified procedures to prepare

FAMEs from polar glycerolipids in crude biological sam-

ples including seed oil and blood for GC analysis.

Materials and Methods

Reagents

PLs, TGs, cholesterol esters (CEs), fatty acids, and FAMEs

were purchased from Avanti Polar Lipids (Alabaster, AL,

USA), Cayman Chemical (Ann Arbor, MI, USA), Doosan

Serdary Research Laboratories (Toronto, Canada), Nu-

Chek-Prep (Elysian, MN, USA), Sigma-Aldrich (St. Louis,

MO, USA), and Wako Pure Chemical Industries (Osaka,

Japan). Dioleoyl phosphatidylcholine (PC) was synthesized

from sn-glycero-3-phosphocholine and oleic acid [17].

Acetone, hexane, and methanol were purchased from

Wako Pure Chemical Industries as glass-distilled solvents

for analysis of residual pesticides. HPLC grade glass-dis-

tilled chloroform was obtained from Sigma-Aldrich. KOH,

50% BF3 in methanol, tert-butyl methyl ether, methyl

acetate, and heparin sodium salt were of reagent grade.

Cartridge columns packed with 50 and 200 mg of silica gel

were Bond Elut (No.12102068; Varian, Palo Alto, CA,

USA) and LiChrolut (No.102021; Merck, Darmstadt,

Germany), respectively. Microbial cholesterol esterases

(CEases, EC3.1.1.13) were purchased from Calbiochem/

Merck (Darmstadt, Germany) and from Oriental Yeast

(Tokyo, Japan).

TLC and GC

Reaction products of methanolysis were analyzed by TLC

on silica gel. Lipids separated were visualized by spraying

50% (w/w) sulfuric acid and then heating at 135 �C. PLs

were also detected with the Dittmer and Lester reagent

[18]. Plasmalogen was detected by spraying 0.5% 2,4-

dinitrophenylhydrazine in 2 M HCl. FAMEs were analyzed

with a Shimadzu 2014 gas chromatograph equipped with

columns of DB-23 (0.25 mm 9 30 m) and SUPELCO-

WAX 10 (0.53 mm 9 30 m) at a column temperature of

215 or 225 �C (isothermal). Prior to GC, FAMEs prepared

from biological materials were purified through cartridge

columns packed with 200 mg of silica gel. Silica gel car-

tridges that had been conditioned with 3 mL of hexane

were charged with FAMEs dissolved in hexane, and

washed with 3 mL of hexane. FAMEs were then eluted

with 3 mL of 1.2% (v/v) methyl acetate in hexane.

Conventional Preparation of FAMEs

Lipids were extracted from biological materials, including

oil seed and blood, with chloroform/methanol by a modi-

fication of the Bligh and Dyer method [19], and the chlo-

roform solution obtained was evaporated to dryness. Polar

lipids of oil seeds were isolated from total lipids by column

chromatography. Total lipids were dissolved in chloroform

and applied to silica gel cartridge columns. Neutral lipids

were eluted from the columns with chloroform, and polar

lipids were then eluted with methanol. Blood PLs were

isolated by TLC. Total lipids extracted from blood were

developed on silica gel plates with acetone, and then PLs

located at the origin of plate were scraped off together with

silica gel. FAMEs were prepared by KOH-catalyzed

methanolysis [20] from the polar lipids and PLs thus

isolated.

Selective Methanolysis of Polar Glycerolipids

Hexane (2 mL) was added to lipid samples of mg order or

less in a glass test tube (16.5 mm 9 105 mm) and the

resulting solutions were warmed for a few minutes in a

water bath at 30 �C. To the hexane solution was added

0.4 mL of 0.7 M KOH in 70% (v/v) methanol, and the

tubes were vortexed for 2.5 min or shaken at 200 rpm in

a reciprocal shaker at 30 �C for 20 min. The reaction was

stopped by addition of 0.03 mL of acetic acid and 1 mL

of water. FAMEs in the hexane layer were analyzed by

GC. To follow the progress of methanolysis, reaction

products were extracted with chloroform and analyzed by

TLC.

For lipid samples containing water, 1 M KOH in

methanol was added to make 0.7 M KOH/70% methanol.

For lipid samples of blood containing large amounts of

CEs, the CEs were enzymatically hydrolyzed before

methanolysis. The products of hydrolysis, cholesterol and

fatty acids, had no effect on methanolysis and could be

removed by passing through a silica gel cartridge before

GC.
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Preparation of FAMEs from Polar Glycerolipids

in Blood

To 0.02 mL of CEase solution (500 U/mL of 0.15 M

phosphate buffer, pH 7.0) in glass test tubes was added

0.14 mL of blood containing 0.7 U heparin, and the con-

tents were mixed by pipetting several times. The mixtures

were incubated for 30 min at 37 �C for hydrolysis of CEs,

and then 2 mL of hexane (30 �C) and 0.28 mL of 1 M

KOH in methanol (30 �C) were added. Methanolysis of

PLs was carried out for 2.5 min with a vortex mixer. The

reaction was terminated by addition of 0.03 mL of acetic

acid, but no water was added to prevent gelation. FAMEs

in the hexane layer were purified with a silica gel column.

Alternatively, after treatment with CEase, methanolysis

was carried out for 20 min in a reciprocal shaker at 180–

200 rpm at a temperature of 30 �C. In this procedure, 3 mL

of hexane was added.

For limited volumes of blood samples, 28 lL of blood

containing 0.14 U of heparin was added to 4 lL of 2 U

CEase solution in 1.5-mL plastic microcentrifuge tubes.

The blood and CEase were mixed by pipetting several

times, and the mixtures were incubated for 30 min at

37 �C. After addition of 0.5 mL of hexane and 56 lL of

1 M KOH in methanol, the tubes were vortexed at 30 �C

for 2.5 min or vigorously mixed with a microcentrifuge

tube shaker for 4 min at room temperature. To the reac-

tion mixture was added 6 lL of acetic acid. The hexane

layer was applied to a small cartridge column packed with

50 mg of silica gel. The gel was washed with 0.75 mL of

hexane, and the FAMEs were eluted with 0.75 mL of

1.2% methyl acetate in hexane. The eluate was concen-

trated in vacuo and FAMEs obtained were analyzed by

GC.

Results

Effects of KOH Concentration, Water Content,

and Reaction Time on Methanolysis of PLs

PL mixtures composed of dioleoyl PC and dioleoyl phos-

phatidylethanolamine (PE) were shaken at 200 rpm in

methanolic KOH solutions containing water at 30 �C for

20 min. The PLs were converted into methyl oleate at

KOH concentrations of 0.7 M and above, and the reaction

was accompanied by formation of small amounts of free

oleic acid (Fig. 1a). The presence of water at 30% or less in

methanol did not significantly affect methanolysis of PLs,

but 40% water markedly inhibited the reaction (Fig. 1b).

Although water in methanol caused hydrolysis of PLs, the

amounts of free oleic acid released were estimated to be a

small percentage of methyl oleate formed as described

below. In a separate experiment, there were no differences

between the fatty acid composition of FFAs released and

that of FAMEs formed. The reaction time required for

methanolysis of PLs by shaking was 15–20 min (Fig. 1c),

while the reaction was completed within 2–2.5 min by

vortexing (Fig. 1d).

Table 1 shows that the yields of methyl eicosenoate

formed from dieicosenoyl PC were greater than 95% when

determined by GC using an internal standard. Amounts of

free eicosenoic acid released from the PL during methan-

olysis were 2.6–3.1% of the FAMEs formed. In a different

experiment with dioleoyl PC, the ratio of methyl oleate and

oleic acid formed by vortexing was 97.3 ± 0.1:2.7 ± 0.1

(n = 3). In addition, FFAs detected at the end of the

reaction were derived from PLs but not from FAMEs

formed. Saponification of FAMEs once formed was slow in

the solution of 0.7 M KOH/70% methanol/hexane and the

FAMEs formed underwent little hydrolysis. With respect to

the mixing method, vortexing was better than shaking in

terms of FFA formation and reaction time (Table 1;

Figs. 1c, d), but the shaking method still has the advantage

that it allows simultaneous treatment of more samples at a

time.

Contamination with FAMEs Derived from TGs

Products of methanolysis of dioleoyl PC in the presence

of trieicosenoyl TG were analyzed to assess the degree

of contamination with FAMEs derived from TGs.

Table 2 shows that methanolysis of TG proceeded much

more slowly than that of PC, and consequently methyl

oleate formed from PC was negligibly contaminated with

methyl eicosenoate from TG. Even when a mixture of

58.5% PLs (PC and PE) and 41.5% TG was incubated

for a long reaction time of 1 h in a reciprocal shaker at

30 �C, 99.0% of the FAMEs produced were derived

from PLs.

Methanolysis of a mixture of dipalmitoyl PC and diol-

eoyl PE with 0.7 M KOH/70% methanol gave FAMEs with

a similar fatty acid composition to that of the substrate PLs

(Table 3). These observations suggested that methanolysis

for PLs was not selective for specific molecular species of

fatty acid.

Determination of the Fatty Acid Compositions of Polar

Glycerolipids in Seed Oils and Leaf Lipids

TGs are the major components of vegetable oils, while PLs

are a minor constituent whose content is a very small

percentage of the oil. Seeds of Brassicaceae plants accu-

mulate erucic acid, 13-docosenoic acid, in TGs, but only a

small amount of this very long chain fatty acid is present in

PLs. Total lipids were extracted from the seeds of Brassica
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oleracea var. italica with chloroform/methanol, and polar

lipids, including PLs, were isolated from the total lipids by

passage through a silica gel column. Nonpolar lipids were

removed by elution with chloroform, and polar lipids were

then eluted with methanol. The polar lipid fraction

contained PE, PC, and phosphatidylinositol as PLs, and

also phosphorus-negative compounds. The Brassica seeds

contained 30% (w/w) oil, most of which was comprised of

TGs. Total lipids were treated with 0.7 M KOH/70%

methanol/hexane or 2 M KOH/methanol/hexane [20],

which was also used for methanolysis of the isolated polar

lipids. The fatty acid composition of polar glycerolipids

was almost the same as that of the isolated polar lipid

fraction (Table 4).

Photosynthetic tissues of plants contain PLs and glyco-

lipids. TGs are a minor constituent, although they

accumulate in leaves under ozone fumigation [21]. The

major lipid classes of PLs are PC, PE, phosphatidylglyc-

erol, and phosphatidylinositol, while those of glycolipids

are monogalactosyldiacylglycerol, digalactosyldiacyl-

glycerol, and sulfoquinovosyldiacylglycerol. Fatty acyl

residues of these glyceroglycolipids are also converted to

FAMEs by the reaction of leaf total lipids from Phaseolus

vulgaris with 0.7 M KOH/70% methanol (data not

shown).
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Fig. 1 Effects of (a) KOH

concentration, (b) water

content, (c) reaction time of

shaking, and (d) reaction time

of vortexing on methanolysis of

PLs. PL mixtures composed of

1 mg of dioleoyl PE and 1 mg

of dioleoyl PC were incubated

with 0.5–1 M KOH (a) in

50–90% methanol (b) for

10–40 min (c) at 30 �C in a

reciprocal shaker at 200 rpm. In

the experiment for (d), PL

mixtures were vortexed for

1–3 min at 30 �C. Reaction

products were extracted with

hexane and chloroform, and

these extracts were combined

and concentrated in vacuo for

analysis by TLC. Silica gel

plates spotted with the

concentrates were developed to

3 cm from the origin with

chloroform/methanol/water/

acetic acid (65:35:4:1, v/v/v/v),

dried in vacuo, and redeveloped

to 8 cm from the origin with

hexane/tert-butyl methyl ether/

acetic acid (85:15:0.5, v/v/v).

S standards of FAME and FFA,

O time zero

Table 1 Yields of FAME and FFA formed from PC

Method of

mixing

Yield (wt%)

Methyl eicosenoate Eicosenoic acid

Vortexing 96.0 ± 1.2 2.6 ± 0.2

Reciprocal shaking 95.5 ± 0.9 3.1 ± 0.0

Dieicosenoyl PC was incubated with 2 mL of hexane and 0.4 mL of

0.7 M KOH/70% methanol at 30 �C. After methanolysis, methyl

heptadecanoate and heptadecanoic acid were added to the reaction

mixture as internal standards. Products were extracted three times

with hexane, and FAME and FFA were isolated by TLC. FFA was

methylated with 10% BF3 at 45 �C for 20 min. Data are shown as

averages of three determinations
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Determination of the Fatty Acid Composition of Polar

Glycerolipids in Blood

Removal of CEs from Blood Prior to Methanolysis

To synthesize FAMEs from polar glycerolipids of blood

in which polar glycerolipids are glyceroPLs, blood was

directly incubated with KOH/methanol taking into

account the fact that the water content of blood is about

73%. Polar glycerolipids in blood were converted into

FAMEs, while CEs, TGs, and FFAs remained unchanged

as expected. The FAME preparations were passed

through silica gel cartridge columns, which are more

convenient than TLC, but CEs could not be separated

completely from FAMEs because they have similar

polarities. As the presence of CEs in GC samples of

FAMEs probably degrades GC columns and shortens

their lifespan, CEs were enzymatically split into choles-

terol and fatty acids prior to methanolysis of PLs. As

shown in Fig. 2, CEs in blood were hydrolyzed to cho-

lesterol and fatty acids within 30 min, although a trace

amount of CEs remained unchanged. As CEase also

catalyzed hydrolysis of TGs, the incubation of blood with

CEase resulted in the disappearance of both CEs and

TGs. CEs and TGs may not be completely decomposed

by CEase in blood samples containing high concentra-

tions of these lipids, and this may be the case in the

blood of hyperlipidemic patients. However, even if CEs

and TGs are not completely hydrolyzed by the esterase, it

is expected that the FAME compositions of these

nonpolar lipids are not reflected in that of polar glycer-

olipids due to selective methanolysis.

Preparation of FAMEs from Polar Glycerolipids in Blood

Based on the above observations, a convenient method that

requires neither lipid extraction from blood nor isolation of

PLs was developed for preparation of FAMEs of blood

polar glycerolipids. The products from each reaction step

were analyzed by TLC (Fig. 3). The two major blood

glyceroPLs, i.e., PE and PC, disappeared after 20 min of

reaction, and this demonstrated that these diacyl PLs

underwent methanolysis. Small, weak spots that were found

at the same position as PC in lanes 2–6 were the lyso form

of ethanolamine plasmalogen, which has an O-ether link-

age. Sphingomyelin, which has no ester bond, remained

unchanged. The results shown in Fig. 3 again confirmed

that CEs and TGs were both stable in methanolic alkali

containing water under the conditions employed and that

FAMEs were formed from glyceroPLs. FAMEs in the

hexane layer of the reaction (lane 6) were purified through a

silica gel cartridge to a single spot on the TLC plate (lane 7).

The fatty acid compositions determined by this method

were compared with those determined by a conventional

method, including extraction of total lipids, isolation of

polar lipids by TLC, and methanolysis (Table 5). There

were no significant differences between the fatty acid

compositions determined by this method and by the con-

ventional method except for oleic acid (18:1) and docosa-

tetraenoic acid (22:4 n-6).

Table 2 Contamination with FAME derived from TG

Substrate PC:TG (wt%) FAME formed (wt%)

Methyl oleate (FAME from PC) Methyl eicosenoate (FAME from TG)

50:50 99.7 ± 0.0 0.3 ± 0.0

10:90 97.4 ± 0.1 2.6 ± 0.1

Mixtures of dioleoyl PC and trieicosenoyl TG were vortexed with 2 mL of hexane and 0.4 mL of 0.7 M KOH/70% methanol. Data are shown as

averages of two determinations

Table 3 Effects of fatty acyl molecular species on selective methanolysis

FAME formed Methanolysis with

2 M KOH/methanol (wt%) 0.7 M KOH/70% methanol (wt%)

16:0 (from PC) 47.3 ± 0.3 46.7 ± 0.2

18:1 (from PE) 52.7 ± 0.1 53.3 ± 0.1

A mixture of dipalmitoyl PC and dioleoyl PE was incubated with 0.7 M KOH/70% methanol/hexane or with 2 M KOH/methanol/hexane as

control at 30 �C in a reciprocal shaker. Data are shown as averages of three determinations
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Discussion

On the selective methanolysis for glyceroPLs in the

presence of 90% or less TGs, only limited contamination

with FAMEs derived from TGs can occur under the

conditions employed (Table 2). As CEs are less reactive

than TGs [22, 23], it is reasonable to expect that no

FAMEs would be produced from CEs with KOH in

aqueous methanol. The accuracy and usefulness of

selective methanolysis were confirmed with seed oil and

blood lipids by comparison of the fatty acid composition

of polar glycerolipids obtained by selective methanolysis

without isolation from total lipids with that of polar

lipids obtained by conventional methods. The erucic acid

content of polar glycerolipids was much lower than that

of total lipids and was very similar to that of polar

lipids, indicating that almost all the FAMEs produced

were derived from polar glycerolipids, and TGs did not

act as the substrate of methanolysis (Table 4). The data

demonstrated the validity of selective methanolysis for

determination of the fatty acid composition of polar

glycerolipids in lipid samples in which TGs were pre-

dominant. The present method thus does not require the

isolation of polar glycerolipids from total lipids prior to

preparation of FAMEs.

GlyceroPLs in blood could be directly converted cor-

responding FAMEs. With small volumes of blood sam-

ples, the fatty acid composition of total glycerolipids

(TGs and glyceroPLs) can be readily determined by

KOH-catalyzed methanolysis of blood loaded on filter

paper followed by GC [24], and that of total lipids can be

analyzed by finger stick assays [25, 26] where HCl and

BF3 have been used as acid catalysts. FAMEs derived

from ester lipids (CEs, TGs, and glyceroPLs) and FFAs

can also be prepared from a drop of blood on a small

piece of filter paper at 45 �C by methanolysis/methylation

with aqueous concentrated HCl/methanol/toluene [27].

Ohta et al. [28] reported a method for determination of

the fatty acid compositions of individual lipid classes in

small volumes of blood samples, but the method included

procedures for separation of individual lipid classes by

TLC. The present method using selective methanolysis

has enabled us to determine the fatty acid composition of

blood glyceroPLs without extraction or isolation of the

polar lipids. Although samples of 0.14 mL of blood were

treated in this method, the scale could be reduced to at

Table 4 Fatty acid compositions of total lipids, polar lipids, and

polar glycerolipids of Brassica oleracea seeds

Fatty acid 2 M KOH/methanol (wt%) 0.7 M KOH/70%

methanol

Total lipids Polar lipids Polar glycerolipids

(wt%)

16:0 4.2 ± 0.0 15.6 ± 0.5 14.9 ± 0.1

16:1 0.3 ± 0.0 1.5 ± 0.0 1.8 ± 0.1

16:2 0.1 ± 0.0 1.1 ± 0.0 1.1 ± 0.0

16:3 ND 0.4 ± 0.0 0.3 ± 0.0

18:0 0.6 ± 0.0 1.8 ± 0.1 0.8 ± 0.0

18:1 10.2 ± 0.0 21.3 ± 0.1 21.4 ± 0.0

18:2 13.5 ± 0.0 35.1 ± 0.4 36.0 ± 0.2

18:3 11.3 ± 0.1 13.5 ± 0.2 13.8 ± 0.0

20:0 0.4 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

20:1 5.1 ± 0.0 2.5 ± 0.0 2.6 ± 0.0

20:2 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.1

22:0 0.5 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

22:1 52.6 ± 0.1 6.5 ± 0.0 6.6 ± 0.1

22:2 1.0 ± 0.0 0.2 ± 0.0 0.2 ± 0.0

Polar lipids were isolated from total lipids by silica gel column

chromatography. The fatty acid composition of polar glycerolipids

was determined by selective methanolysis of the total lipids with

0.7 M KOH/70% methanol/hexane. Data are shown as averages of

three determinations

ND not detected

0 30

- CE

- TG

- Ch

- FFA

Reaction time (min)

- Origin

Fig. 2 Hydrolysis of CEs in blood by CEase. A 0.14 mL blood

sample was mixed with a 10 U CEase solution (0.02 mL) and

incubated at 37 �C for 30 min. Products were extracted with

chloroform/methanol, and analyzed by TLC. The silica gel plate

was first developed to 5 cm from the origin with hexane/tert-butyl

methyl ether (75:25, v/v), and then it was developed to 8 cm from the

origin with hexane/tert-butyl methyl ether (95:5, v/v). Ch cholesterol
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least one-fifth as described in Materials and Methods.

The procedure could also effectively function on the

microscale.

In conclusion, the methanolic KOH solution containing

water can catalyze selective methanolysis of polar glyc-

erolipids irrespective of the presence or absence of sterol

esters or TGs. The present method for preparation of

FAMEs was successfully applied to analysis of seed and

blood polar glycerolipids. The methanolysis proceeds

under mild conditions, produces no artifacts, and is safe

for researchers. The procedure does not include use of

chloroform, which is toxic to humans and may contam-

inate the environment. Fatty acid compositions and

yields obtained were almost the same as those obtained

with conventional time-consuming methods. The proce-

dure is simple and no sophisticated apparatus is required,

and large numbers of crude samples can be treated

simultaneously.
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5. Riboli E, Rönnholm H, Saracci R (1987) Biological markers of

diet. Cancer Surv 6:685–718

6. Lands WEM, Libelt B, Morris A, Kramer NC, Prewitt TE,

Bowen P, Schmeisser D, Davidson MH, Burns JH (1992)

Maintenance of lower proportions of (n-6) eicosanoid precursors

in phospholipids of human plasma in response to added dietary

(n-3) fatty acids. Biochim Biophys Acta 1180:147–162

7. Chan JK, McDonald BE, Gerrard JM, Bruce VM, Weaver BJ,

Holub BJ (1993) Effect of dietary a-linolenic acid and its ratio to

linoleic acid on platelet and plasma fatty acids and thrombo-

genesis. Lipids 28:811–817

8. Ma J, Folsom AR, Shahar E, Eckfeldt JH (1995) Plasma fatty

acid composition as an indicator of habitual dietary fat intake in

middle-aged adults. Am J Clin Nutr 62:564–571

9. Dewailly E, Blanchet C, Lemieux S, Sauve L, Gingras S, Ayotte

P, Holub BJ (2001) n-3 Fatty acids and cardiovascular disease risk

factors among the Inuit of Nunavik. Am J Clin Nutr 74:464–473

CE -

FAME -

PC -
Sph -

Origin -

FFA -
Ch -

TG -

PE -
Pigments -

CEase                        +              +     +      +

Mixing                 Shake            Vortex

1      2     3  4     5 6     7

Fig. 3 Reaction products of methanolysis for blood glyceroPLs.

Lane 1 shows the profile of total lipids extracted with chloroform/

methanol from blood, and lanes 2–7 show the products of methan-

olysis of blood glyceroPLs. Blood samples (0.14 mL) were incubated
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anol to confirm the disappearance of PE and PC. The chloroform

extract was combined with the hexane layer, and then the mixed

solution was evaporated in vacuo for TLC (lanes 2–5). For GC

analysis, the hexane layer was concentrated and checked by TLC

(lane 6), while FAMEs in the hexane layer were purified through a

silica gel cartridge column (lane 7). Ch cholesterol; Sph
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Table 5 GlyceroPL fatty acid compositions obtained from blood by

different methods

Fatty acid Conventional

method (wt%)

Selective methanolysis (wt%)

Vortexing Shaking

16:0 25.3 ± 0.8 26.4 ± 0.5 24.5 ± 0.6

18:0 13.9 ± 0.1 13.6 ± 0.9 13.7 ± 0.2

18:1 15.0 ± 0.1 13.8 ± 0.2 13.7 ± 0.1

18:2 19.9 ± 0.6 20.8 ± 0.4 20.1 ± 0.2

20:3 n-6 1.5 ± 0.1 1.5 ± 0.0 1.4 ± 0.1
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The conventional method included extraction of total lipids from

blood, isolation of PLs, and methanolysis. Data obtained by two

different procedures are described for selective methanolysis. Minor

components are omitted. Data are shown as averages of three

determinations
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Abstract The anti-inflammatory activity associated with

fish oil has been ascribed to the long-chain polyunsaturated

fatty acids (LC-PUFA), predominantly eicosapentaenoic

acid (EPA) and docosahexaenoic acid (DHA). Here we

examined the anti-inflammatory effects of two DHA-rich

algal oils, which contain little EPA, and determined the

contribution of the constituent fatty acids, particularly DHA

and docosapentaenoic acid (DPAn-6). In vitro, lipopoly-

saccharide (LPS)-stimulated Interleukin-1 beta (IL-1b)

and Tumor Necrosis Factor-alpha (TNF-a) secretion in

human peripheral blood mononuclear cells (PBMC) was

inhibited with apparent relative potencies of DPAn-6 (most

potent) [ DHA [ EPA. In addition, DPAn-6 decreased

intracellular levels of cyclooxygenase-2 (COX-2) and was a

potent inhibitor of pro-inflammatory prostaglandin E2

(PGE2) production. DHA/DPAn-6-rich DHA-STM (DHA-S)

algal oil was more effective at reducing edema in rats than

DHA-rich DHA-TTM (DHA-T), suggesting that DPAn-6

has anti-inflammatory properties. Further in vivo analyses

demonstrated that feeding DPAn-6 alone, provided as an

ethyl ester, reduced paw edema to an extent approaching

that of indomethacin and enhanced the anti-inflammatory

activity of DHA when given in combination. Together,

these results demonstrate that DPAn-6 has anti-

inflammatory activity and enhances the effect of DHA in

vitro and in vivo. Thus, DHA-S algal oil may have potential

for use in anti-inflammatory applications.

Keywords Inflammation � DHA � DPAn-6 �
Long-chain polyunsaturated fatty acids

Abbreviations

ARA Arachidonic acid

COX Cyclooxygenase

DHA Docosahexaenoic acid

DPAn-6 Docosapentaenoic acid

EPA Eicosapentaenoic acid

GRAS Generally recognized as safe

IL-1b Interleukin-1 beta

LPS Lipopolysaccharide

LC-PUFA Long chain-polyunsaturated fatty acids

OLA Oleic acid

PBMC Peripheral blood mononuclear cells

PGE2 Prostaglandin E2

TNF-a Tumor Necrosis Factor-alpha

Introduction

Chronic or uncontrolled inflammation can lead to tissue

damage and is an underlying factor in atherosclerosis,

rheumatoid arthritis, diabetes (type 1), asthma, inflamma-

tory bowel disease, and Alzheimer’s disease [1–7].

Inflammation results from the release of chemical media-

tors from activated leukocytes that have migrated to target

areas as a consequence of tissue injury or invading

pathogens. These inflammatory mediators include IL-1b,
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TNF-a, and PGE2. EPA (20:5n-3) and DHA (22:6n-3),

LC-PUFA found in fish oil, have anti-inflammatory activity

and affect inflammatory mediator production [8–12],

lymphocyte proliferation [13, 14], monocyte and neutro-

phil migration [15], and natural killer (NK) cell activity in

vitro [16].

The consumption of fish oil results in the replacement

of arachidonic acid (ARA; 20:4n-6) in cell membranes by

DHA and EPA [17, 18]. This leads to alterations in the

eicosanoids produced and contributes towards a less

inflammatory environment [17–20]. EPA and DHA can

also be converted into resolvins, which are bioactive

molecules that play an important role in the resolution of

inflammation [4, 21, 22]. Further, LC-PUFA modulate the

expression and activity of genes involved in the inflam-

matory response. In vitro, EPA or DHA reduced the

production of proinflammatory cytokines, including IL-1b
and TNF-a [8–12, 20] and cell migration [23–26]. DHA

and EPA may have differing mechanisms of action [27].

PBMC derived from humans supplemented with DHA

had a decreased ex vivo T cell activation whereas EPA

supplementation had no significant effect [28]. DHA was

also more efficacious at reducing pro-inflammatory

cytokines than EPA, particularly IL-1b and IL-6 in vitro

[8, 12].

While many studies to date have examined the anti-

inflammatory effects of DHA and EPA from fish oil, this

study focused on DHA and DPAn-6 (docosapentaenoic

acid; 22:5n-6) derived from algal sources which contain

little EPA. We assessed the anti-inflammatory activity of

DHA/DPAn-6-rich DHA-STM (DHA-S) and DHA-rich

DHA- TTM (DHA-T) algal oils1 and their individual con-

stituent LC-PUFA. To our knowledge, this is the first study

to show that DPAn-6 has potent anti-inflammatory activity

and enhances the effects of DHA.

Materials and Methods

Fatty Acid Sodium Salts for In Vitro Experiments

All in vitro assays used sodium salts of EPA, ARA, DPAn-6,

and Oleic acid (OLA) that were purchased from NuChek

Prep (Elysian, MN) and were greater than 99% pure. DHA-

sodium salt (greater than 98% pure) was purchased from

Sigma-Aldrich (St. Louis, MO). Fatty acid sodium salts

were prepared by resuspending in distilled water and

warming for 1.5 h at 37 �C to ensure solubility before

storing at -80 �C. Before use, fatty acids were again

warmed to 37 �C for 10 min to ensure homogeneity. The

fatty acids were used at the concentrations described in the

specific in vitro assays below. Since potencies of the fatty

acids were being directly compared in experiments, the

concentrations of the fatty acid stock solutions were con-

firmed by gas-liquid chromatography, accuracy ±5%, both

prior to and after the freeze/thaw process.

Human Cell Culture

PBMC were isolated by Ficoll-Hypaque (Amersham,

Uppsala, Sweden) density gradient from the peripheral

blood of healthy humans per the manufacturer’s instruc-

tions. Human blood obtained from healthy individuals

(negative for HIV and Hepatitis-B and-C) was purchased

from All Cells, Emeryville, CA. Isolated PBMC were

frozen in heat inactivated fetal calf serum (FCS)/10%

dimethylsulfoxide (DMSO) until use when they were

thawed, placed in supplemented RPMI 1640 containing

10% FCS (heat inactivated), 1% L-glutamine (200 mM),

100 unit/ml penicillin, and 100 lg/ml streptomycin (all

reagents Sigma-Aldrich, St. Louis, MO). PBMC were

thawed, washed in supplemented RPMI, and cell viability

was assessed by trypan blue exclusion immediately before

use in vitro.

In Vitro LPS Stimulation of PBMC

Human PBMC were stimulated with LPS (derived from

E. coli, Sigma-Aldrich, St. Louis, MO) using a modifi-

cation of the method originally described [29]. Briefly,

PBMC were resuspended in supplemented RPMI 1640,

seeded at 2 9 105 cells/200 ll/well of a 96-well flat-

bottom plate. PBMC were pretreated for 2 h at 37 �C

with 2 ll of the individual fatty acid sodium salts or an

equivalent volume of water (negative control); five rep-

licate wells per treatment. Fatty acid concentrations were

used at 100 lM or 10–100 lM (dose response). PBMC

were then stimulated with 20 ll LPS (0.1 ng/ml final

concentration) for 18 h at 37 �C. Following stimulation,

cells were pelleted by centrifugation and supernatants

were collected and stored at -20 �C for cytokine mea-

surement by ELISA. Cell viability after LPS incubation

was monitored by trypan blue exclusion before and after

centrifugation and no significant differences in viability

were noted between control and fatty acid-treated groups

at the doses used in this study.

IL-1b and TNF-a ELISA

Cell supernatants were tested for IL-1b and TNF-a
(Research Diagnostics, Minneapolis, MN) following the

manufacturer’s instructions.

1 DHA-T oil is also known as DHASCO or DHASCO-T oil; DHA-S

was formerly known as DHASCO-S oil. Both are manufactured by

Martek Biosciences Corporation.
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Determination of COX-1, COX-2, and PGE2 Levels

Human PBMC were seeded at 1 9 106 cells/ml in a

24-well plate with 1 ml supplemented RPMI 1640 per well.

Cells were pretreated with 10 ll of the individual fatty acid

sodium salts (100 lM) or a combination of two fatty acids

(50 lM each for 100 lM total) for 2 h prior to stimulation

with 10 ll LPS (0.1 ng/ml); replicates of 6 wells per

treatment. Cell viability after LPS incubation was moni-

tored by trypan blue exclusion before and after centrifu-

gation and no significant differences in viability were noted

between control and fatty acid-treated groups at the doses

used in this study. IL-4 (10 ng/ml (10 ll); BD Biosciences,

San Jose, CA) was used as a positive control. After

approximately 18 h, PGE2 levels in the supernatants were

assayed using an EIA kit (Cayman Chemical, Ann Arbor,

MI). For the detection of intracellular COX-1 and COX-2,

PBMC were stained for 15 min with PerCP-conjugated

CD14 (BD Biosciences, San Jose, CA) to identify the

monocytes. After washing, cells were fixed and perme-

abilized using the BD Cytofix/Cytoperm kit (BD Biosci-

ences, San Jose, CA) following the manufacturer’s

instructions. Cells were then stained with COX-1-FITC/

COX-2-PE antibody combination or the isotype-matched

controls (BD Biosciences, San Jose, CA). CD14 ? gated

cells, 5,000–10,000 per sample, were analyzed on a Coulter

Epics Altra flow cytometer using EXPO32 Multi-COMP

software (Beckman Coulter, Fullerton, CA).

Animals and Diets

Male Sprague-Dawley rats (100–150 g) from Harlan

(Indianapolis, IN) and/or Charles River Laboratories

(Wilmington, MA) were quarantined for at least 3 days

prior to study initiation. Food and water were provided

ad libitum. AIN-76A Diet (Research Diets, New Bruns-

wick, NJ) was used as the base diet and for all diet for-

mulations used in the animal studies as it does not contain

any LC-PUFA. Study protocols were approved by the

animal facility’s Institutional Animal Care and Use Com-

mittee and followed the Animal Care and Use Guidelines

established by the Office for Laboratory Animal Welfare

(OLAW)/NIH. Food consumption, animal body weights,

and general health were monitored throughout the studies.

DHA-S, DHA-T, ARASCOTM

DHA-S, DHA-T, ARASCO oils, derived from Schizochy-

trium sp., Crypthecodinium cohnii, and Mortierella alpine,

respectively, were manufactured by Martek Biosciences

Corporation (Columbia, MD) and their fatty acid compo-

sitions are described in Table 1. Both DHA oils are used in

food and dietary supplements [30] and are Generally

Recognized as Safe (GRAS) for food. DHA-T oil in

combination with ARASCO oil, an oil rich in ARA, is

GRAS for the fortification of infant formula. DHA-S oil

has been used in a number of clinical studies [31–33], as

has the DHA-T oil [30, 34]. LC-PUFA are present as tri-

glycerides within these oils.

Evaluation of the Algal Oils in a Rodent Model

of Carrageenan Paw Edema (CPE)

Rats (n = 10 per group) were fed modified AIN-76A

rodent diets that were formulated by Research Diets (New

Brunswick, NJ) to contain one or more of the following test

oils: DHA-S, DHA-T, ARASCO oil and equivalent levels

of total fat (5% by weight). The non-test article fat in the

experimental diets and the total fat in the placebo diet

consisted of a blend of 30% corn, 54% soybean, and 16%

coconut oils. Oils were provided by Research Diets (New

Brunswick, NJ). The fatty acid content of the formulated

diets was confirmed by gas chromatography (GC). In brief,

fats in the diet were transesterified in situ with 1.5 N HCl

in methanol (Sigma-Aldrich, St. Louis, MO), in the pres-

ence of toluene (Sigma-Aldrich, St. Louis, MO) and an

internal standard. The resultant fatty acid methyl esters

(FAME) were extracted with toluene. The FAME were

separated, identified, and quantitated by gas-liquid chro-

matography with flame ionization detection (GLC-FID)

and internal standard calibration.

Experimental diets each provided 1.2% DHA, which is

equivalent to approximately 800 mg DHA/kg per day. The

ARASCO and DHA-S-containing diets provided approxi-

mately 300 mg of ARA or DPAn-6/kg per day (approxi-

mately 0.45% of each PUFA), respectively. After 28 days

of ad libitum feeding, rats were injected with 0.1 ml of a

10-mg/ml carrageenan solution in water (Sigma-Aldrich,

St. Louis MO) in the subplantar right hind foot. Paw vol-

umes were measured by water displacement and differ-

ences between the initial and the resultant paw volumes

Table 1 Fatty acid profiles of oils

% Total fatty acids

DHA-S DHA-T ARASCO

14:0 8.55 14.69 0.67

16:0 22.79 12.97 13.74

18:0 0.63 0.69 8.72

18:2 (n-6) 0.32 1.21 7.32

20:4 (n-6) ARA 0.80 \0.1 43.61

20:5 (n-3) EPA 2.11 0.25 0.15

22:5 (n-6) DPA 16.26 0 0

22:6 (n-3) DHA 40.39 41.9 0

Others \8.15 \30 \25
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were determined at 3 h post-carrageenan injection. Ani-

mals were euthanized by carbon dioxide (CO2) asphyxia-

tion after final paw measurements were made.

To determine the minimum efficacious concentration in

vivo, DHA-S oil was diluted with corn oil to achieve required

doses ranging from 100 mg/kg per day PUFA (DHA ?

DPAn6 combined) to 1,500 mg/kg per day. In this experi-

ment and those following, rats (n = 8 per group) were fed the

AIN-76A diet for 7–10 days before administration of test

compounds to allow for a wash-out of the LC-PUFA that can

be found in typical rodent chows. DHA-S oil was adminis-

tered by oral gavage (to ensure accuracy of dosing) daily for

14 days to allow plasma levels of LC-PUFA to equilibrate

[35]. Doses less than 1,500 mg/kg PUFA per day were

equilibrated to 1,500 mg/kg total fat with corn oil. Control

and indomethacin treated animals received corn oil by

gavage. All test materials contained equivalent levels of

antioxidants: ascorbyl palmitate (Tap1010, Vitablend, The

Netherlands), mixed tocopherols (Tocoblend L70 IP,

Vitablend, The Netherlands), as well as rosemary extract

(Herbalox, Kalamazoo, MI). Indomethacin (Sigma-Aldrich,

St. Louis, MO) was administered by intraperitoneal injection

(i.p.) at 5 mg/kg 30 min prior to carrageenan challenge. The

hind paw assay was performed as described above with

paw measurements at 2, 4, and 6 h. Immediately following

final paw measurements, animals were anesthetized with

isoflurane (NLS Animal Health, Owings Mills, MD), 3–5 ml

of blood was collected into EDTA-treated tubes by exsan-

guination via cardiac puncture, and animals were eutha-

nized. Blood was separated by centrifugation, 1,800 rpm for

20 min, and plasma was stored at -80 �C for fatty acid

analyses.

Dose-Response Evaluation of DPAn-6 in a Rodent CPE

Model

To test the dose-response effect, DPAn-6 was administered

at 300, 700 or 1,000 mg/kg per day and compared to DHA

doses of 700 or 1,000 mg/kg as well as a DHA/DPAn-6

combo (2.5:1 ratio similar to DHA-S) at 1,000 mg/kg. This

LC-PUFA mg/kg dose is equivalent to the dietary dose

administered as DHA-S in the previous studies. Doses less

than 1,000 mg/kg per day were equilibrated to 1,000 mg/kg

total fat with a blend of control fatty acid ethyl esters

that mimicked the fatty acid blend found in the base AIN-

76A diet: 25% oleate, 13% palmitate, 60% linoleate, 2%

alpha-linolenate. Control and indomethacin-treated animals

received the control blend of ethyl esters as well. The

PUFA, provided as ethyl esters (DHA, DPAn-6, OLA,

palmitic acid, linoleic acid, and alpha-linolenic acid) that

were used in the animal dosing experiments were pur-

chased from NuChek Prep (Elysian, MN). These fatty acid

ethyl esters were greater than 90% pure as confirmed by

gas liquid chromatographic techniques. Total fat in the

animal diets was 6.25% (by weight) including the 5% in

the base diet and the addition of the fatty acid ethyl esters

received by gavage. Indomethacin was dosed as previously

described. Hind paw measurements and plasma collection

were performed as previously described.

Fatty Acid Methyl Ester (FAME) Analysis

Plasma lipids were extracted and phospholipids were iso-

lated by thin-layer chromatography as previously described

[36]. In brief, fatty acids from plasma phospholipids were

saponified with sodium hydroxide and methanol and then

methylated with boron trifluoride (all reagents from Sigma-

Aldrich, St. Louis, MO). The resulting methyl esters were

identified and quantified by gas–liquid chromatography and

flame ionization detection as described [36].

Statistical Analyses

Data were analyzed and compared by one-way ANOVA

using the Bonferroni test to compare groups (GraphPad,

Prism, Version 4.0). Effects were considered to be statis-

tically significant at p \ 0.05.

Results

DPAn-6 Has Potent Anti-Inflammatory Activity

In Vitro

The effect of the fatty acids on IL-1b and TNF-a secretion

was examined. Both DHA and DPAn-6 markedly reduced

IL-1b levels in LPS-stimulated PBMC, by approximately

80 and 90% respectively (p \ 0.01) (Fig. 1a). TNF-a levels

were reduced approximately 80% upon treatment with

either DHA or DPAn-6 (not significant) (Fig. 1b). EPA

reduced the expression of these cytokines to a lesser

degree, approximately 60% for IL-1b (not significant) and

40% for TNF-a (not significant) (Fig. 1a, b). Overall, the

relative effectiveness of the fatty acids appeared to be

DPAn-6 (most potent) [ DHA [ EPA with respect to

reducing both IL-1b and TNF-a. Neither OLA nor AA

significantly affected IL-1b or TNF-a secretion. We

focused our subsequent studies on the fatty acid effects on

IL-1b, as the effect was more striking.

Effects of the Individual and Combinations of Fatty

Acids on IL-1b Secretion In Vitro

We compared the potency of the individual fatty acids in a

dose response assay. Treatment of human PBMC with each

of the LC-PUFA resulted in a dose-dependent reduction in
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IL-1b (Fig. 2a). DPAn-6 significantly reduced IL-1b with as

little as 10 lM (p \ 0.01). Overall, DPAn-6 was the most

effective with maximum inhibition at 100 lM reaching

approximately 80% (p \ 0.001) versus approximately 60%

for DHA (p \ 0.001) and 40% for EPA (p \ 0.001). Further,

at a concentration of 50 lM, DPAn-6 reduced IL-1b levels

more effectively than DHA (p \ 0.001) or EPA (p \ 0.01).

Similar results were seen with 100 lM where DPAn-6 was

more effective than DHA (p \ 0.001) or EPA (p \ 0.001).

DHA was more effective than EPA at 100 lM (p \ 0.01).

Human PBMC were next incubated with 50 lM of the

individual fatty acids or a combination of 25 lM of two fatty

acids (50 lM total) prior to stimulation with LPS (Fig. 2b).

In PBMC, the DHA/DPAn-6 (50 lM total LC-PUFA)

combination reduced IL-1b levels approximately 50%

(p \ 0.001), whereas the DHA/EPA combination reduced

levels approximately 30% (p \ 0.001). The DHA/DPAn-6

combination was more effective than the DHA/EPA

combination in reducing IL-1b production (p \ 0.01).

DPAn-6 Reduces COX-2 and PGE2 Production

In Vitro

In LPS-stimulated PBMC, DPAn-6 (100 lM) inhibited

levels of intracellular COX-2 approximately 50%

(p \ 0.001) (Fig. 3a). DHA did not affect COX-2 levels in

these cells whereas EPA and the DHA/EPA combination

increased COX-2 levels approximately 25–30% (p \ 0.01

and p \ 0.05, respectively). None of the fatty acids affected

COX-1 levels: COX-1 mean fluorescence intensity (MFI)

was 81 (control) and ranged from 81 to 90 upon treatment

with the various fatty acids (data not shown). As expected,

the IL-4 control decreased COX-2 levels (p \ 0.001) with-

out affecting COX-1 levels [37]. The DHA/DPAn6 combi-

nation was more effective than the DHA/EPA combination

(p \ 0.001). As seen in Fig. 3b, DPAn-6 also reduced the

levels of PGE2 by approximately 90% (p \ 0.001). DPAn-6

was similar in efficacy to the positive control IL-4, which is

known to decrease PGE2 levels [37, 38]. Interestingly, while

COX-2 levels were not affected by DHA, PGE2 levels were

decreased approximately 70% (p \ 0.001) by DHA and the
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Fig. 1 DPAn-6 has potent anti-inflammatory activity in vitro. Human
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Fig. 2 Effects of the individual and combinations of fatty acids on

IL-1b secretion in vitro. a Human PBMC were pretreated with the

fatty acids at various concentrations 2 h prior to stimulation with LPS.

IL-1b levels in the culture supernatants were assessed by ELISA.

Means (5 wells/treatment) ?/- SD. **p \ 0.01 and ***p \ 0.001

compared to control. #p \ 0.01 compared with an equivalent

concentration of EPA. ##p \ 0.001 compared with an equivalent

concentration of DHA. ###p \ 0.001 compared with an equivalent

concentration of DHA or EPA. Results are representative of at least

three independent experiments. b Human PBMC were incubated with

50 lM of the individual fatty acids or a combination of 25 lM of

each fatty acid (50 lM total) prior to stimulation with LPS. Means

(5 wells/treatment) ?/- SD. ***p \ 0.001 compared to control.
#p \ 0.01 compared with DHA/EPA. Results are representative of at

least three independent experiments
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addition of DPAn-6 reduced levels further. In comparison,

EPA reduced PGE2 levels approximately 20% (p \ 0.001),

and when EPA was provided in combination with DHA,

PGE2 was decreased to levels comparable to those with

DHA alone (p \ 0.001). Further, the DHA/DPAn-6 combi-

nation was a more potent inhibitor of PGE2 production than

the DHA/EPA combination (p \ 0.001).

DHA/DPAn-6-rich DHA-S Oil Significantly Reduces

Inflammation in a Rodent Paw Edema Model

The anti-inflammatory activity of the DHA-rich algal oils

was evaluated in a rodent model of acute inflammation. No

significant differences in food intake, weight, or locomotor

activity were observed between any of the treatment

groups. DHA-S-fed animals had a 30% reduction in mean

paw edema (p \ 0.05), while treatment with DHA-T also

tended to reduce paw edema with an approximately 20%

reduction (not significant) (Fig. 4a). The animals fed the

DHA-T/ARASCO diet had no reduction in paw edema.

Animals were treated with increasing doses of DHA-S

oil to determine the minimum efficacious concentration in

vivo. Indomethacin reduced paw edema 62% (p \ 0.001)

(Fig. 4b). Maximal inhibition of paw edema, a reduction

of 33%, was visible at 1,000 mg/kg DHA ? DPAn-6

(p \ 0.001). As expected, treatment with increasing doses

of DHA-S oil resulted in increases in plasma phospholipid

levels of both DHA and DPAn-6 (Table 2).
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Fig. 3 DPAn-6 reduces COX-2-mediated inflammation in vitro. a
Intracellular levels of COX-2 in LPS-stimulated cells were deter-

mined using flow cytometry following treatment with the individual

fatty acids (100 lM) and the fatty acid combinations for a total of

100 lM. Data indicate mean ?/- SD of three independent experi-

ments. *p \ 0.05, **p \ 0.01, ***p \ 0.001 compared to the control.
#p \ 0.001 compared to DHA/EPA. b PGE2 levels in the culture

supernatants were assessed by EIA after treatment with the individual

fatty acids or combinations thereof (100 lM total). Means (6 wells/

treatment) ?/- SD. ***p \ 0.001 compared to the control.
#p \ 0.001 compared to DHA/EPA. Results are representative of

three independent experiments
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Fig. 4 DHA/DPAn-6-rich DHA-S oil significantly reduced inflam-

mation in a rodent paw edema model. a DHA-S, DHA-T, DHA-T/

ARASCO oils were administered in the feed for 28 days prior to

carrageenan challenge. The experimental diets provided equivalent

amounts of DHA (approximately 800 mg/kg) with an additional

300 mg of DPAn-6 or ARA/kg per day for the DHA-S and ARASCO

diets, respectively. Paw edema was measured by water displacement

3 h post-challenge with carrageenan stimulation. Means (n = 10)

?/- SD. *p \ 0.05 compared to control. b DHA-S oil was diluted

with corn oil to achieve required doses ranging from 100 mg/kg

PUFA (DHA ? DPAn6 combined) to 1,500 mg/kg per day. DHA-S

oil was administered by oral gavage for 14 days. Doses less than

1,500 mg/kg PUFA per day were equilibrated to 1,500 mg/kg total fat

with corn oil. Control and indomethacin treated animals received corn

oil by gavage. Indomethacin was administered at 5 mg/kg i.p. 30 min

prior to carrageenan challenge. Paw edema was measured at 2 h post

carrageenan treatment. Means (n = 8) ?/- SD. **p \ 0.01 and

***p \ 0.001 compared to control
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DPAn-6 Reduces Inflammatory Edema in a Dose-

Response Rodent Model of Hind Paw Edema

A study was performed to assess the effects of various

doses of DPAn-6 on paw edema in this model (Fig. 5).

Fatty acids were provided as ethyl esters. Indomethacin

reduced paw edema 62% (p \ 0.001). The 700 mg/kg dose

of DPAn-6 reduced paw edema maximally, a 56% reduc-

tion (p \ 0.001). In addition, we confirmed our original

findings that the DHA/DPAn-6 combination, as found

in the DHA-S oil, reduced edema more than DHA alone

(DHA-T oil) (p \ 0.05). The 700 mg/kg DPAn-6 was as

efficacious as the combination of 700 mg/kg DHA ?

300 mg/kg DPAn-6. At 2 h post-challenge, treatment with

700 and 1,000 mg/kg DHA reduced paw edema

approximately 20% (not significant). However, inhibition

seen with 700 mg/kg DHA was increased further by the

addition of 300 mg/kg DPAn-6, the PUFA combination

found in the DHA-S oil. By 4 h post-challenge, both doses

of DHA significantly reduced paw edema (p \ 0.01, data

not shown). DHA and DPAn-6 (1,000 mg/kg doses) ele-

vated plasma levels approximately 4 and 6.5-fold, respec-

tively (Table 3). Higher doses of pure DPAn-6 (700 and

1,000 mg/kg) led to increased plasma ARA levels.

Discussion

The immunomodulatory effects of fish oil and its constit-

uent omega-3 LC-PUFA have been examined in numerous

Table 2 Plasma phospholipid fatty acid levels in rats treated with DHA-S oil

Fatty acid Treatment groups (Total PUFA dose)

Control 100 mg/kg 250 mg/kg 500 mg/kg 1,000 mg/kg 1,500 mg/kg Indomethacin

n-3

20:5n-3 EPA 0 (0) 0.12 (0.03) 0.34 (0.03)* 0.77 (0.09)* 1.03 (0)* 1.56 (0.26)* 0 (0)

22:6n-3 DHA 1.59 (0.12) 3.42 (0.32)* 4.52 (0.39)* 5.1 (0.38)* 6.73 (0.32)* 8.13 (0.83)* 1.56 (0.16)

n-6

20:4n-6 ARA 21.96 (0.55) 19.79 (0.78)* 20.13 (1.25)* 18.18 (0.56)* 19.34 (1.11)* 19.69 (1.48)* 20.66 (0.76)

22:5n-6 DPAn6 1.13 (0.25) 0.57 (0.07)* 0.59 (0.03)* 0.82 (0.05)* 1.40 (0.13) 2.08 (0.43)* 1.02 (0.18)

Mean fatty acid levels (g/100 g fatty acids) ± SD, n = 8/group Means and standard deviations were calculated by One-way ANOVA followed

by Bonferroni’s post test (Graph Pad, Prism, Version 4.0) as compared to the Control group

*p \ 0.05 compared to control
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Fig. 5 DHA/DPAn-6 combination reduces inflammatory edema in a

rodent model of hind paw edema. A dose response study was

performed to assess the effects of various dose levels of DPAn-6 on

paw edema in this model. All groups of animals received an

equivalent amount of fat which consisted of 300–1,000 mg/kg DHA

or DPAn-6 per day, as indicated, with an appropriate amount of

control oil to bring the total gavaged fat content to 1,000 mg/kg per

day. Indomethacin was administered at 5 mg/kg i.p. 30 min prior to

carrageenan challenge. Fatty acids were administered daily for

14 days prior to conducting the paw edema assay at 2 h post-

carrageenan challenge. Means (n = 8) ?/- SD. ***p \ 0.001

compared to control. #p \ 0.05 compared to 700 or 1,000 mg/kg

DHA group
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studies to date. Here, we demonstrate the anti-inflamma-

tory activity of DHA-rich algal oils in vivo, particularly

DHA-S oil, and provide the first evidence of the potent

anti-inflammatory activity of the constituent omega-6

LC-PUFA, DPAn-6.

As an omega-6 fatty acid and as a product of ARA, it

was unexpected to find anti-inflammatory activity associ-

ated with DPAn-6. However, another omega-6 PUFA,

gamma linolenic acid (GLA; 18:3n-6) has been shown to

have anti-inflammatory activity in vitro and in vivo [39].

GLA decreases levels of IL-1b and TNF-a in LPS-stimu-

lated PBMC and IL-1b in LPS-stimulated human mono-

cytes in vitro [40].

In vitro analyses showed that all three LC-PUFA (DHA,

DPAn-6, and EPA) reduced the production of the pro-

inflammatory cytokines IL-1b and TNF-a in human PBMC,

at concentrations as low as 10 lM (IL-1b). However, DPAn-6

appeared to be the most effective inhibitor in vitro, reducing

levels of these pro-inflammatory cytokines, with observed

relative potencies of DPAn-6 (most potent) [DHA [ EPA.

This finding correlates with another recent study that

demonstrated the enhanced efficacy of DHA, as compared to

EPA, in decreasing IL-1b, IL-6 and TNF-a production in

LPS-stimulated THP-1 cells [8].

The consumption of dietary LC-PUFA can alter mem-

brane phospholipids and the production of eicosanoids [11,

17–20]. Our studies show that in addition to decreasing

levels of pro-inflammatory cytokines in vitro, DPAn-6 also

decreased intracellular COX-2 levels by approximately

50% with a concomitant reduction in PGE2 production.

PGE2 mediates acute inflammation, as it is a potent

vasodilator and increases vascular permeability and edema

[41, 42]. DHA had no effect on COX-2 expression, but

PGE2 levels were reduced by DHA, suggesting that DHA

may affect COX-2 enzyme activity or PGE synthase, which

is also involved in the regulation of PGE2. Both COX-2

and PGE synthase are increased in cells in response to an

inflammatory stimulus and the production of PGE2 may

require both enzymes [43, 44]. In support of this hypoth-

esis, Roman et al [45] showed a reduction in microsomal

PGE synthase RNA in the presence of DHA in vitro,

whereas EPA had no effect. Alternatively, DHA treatment

may reduce PGE2 production as a result of reduced

availability of the PGE2 precursor ARA.

In contrast, EPA and the DHA/EPA combination

increased levels of COX-2 and PGE2 in PBMC in vitro. An

upregulation of COX-2 has been previously described for

EPA in human keratinocytes [46]. It is important to note,

however, that the effects of DHA and EPA may be cell-

specific and/or dependent on the type of inflammatory

stimulus used, as others have described differential COX-2

modulation with these LC-PUFA [46–49].

The rat carrageenan paw edema model is a well-char-

acterized acute model of innate immunity that is commonly

used to evaluate anti-inflammatory activity of compounds

[50–53]. The DHA-S oil was more effective than DHA-T

oil when tested in this in vivo model and the major dif-

ference between the two algal oils is the presence of DPAn-6

(DHA-S oil). DPAn-6 treatment resulted in the largest

reduction in edema volume, reaching 40–55% inhibition at

lower doses. Maximal effects of DPAn-6 were also visible

as early as 2 h post-carrageenan challenge, as compared to

4 h with DHA.

Interestingly, the DPAn-6 in vivo dose response resulted

in a non-monotonic curve with the maximum effect

observed with the 700 mg/kg dose. Lower and higher doses

of DPAn-6 reduced inflammation to a lesser degree and

their effects were limited to 2–4 h following the inflam-

matory stimulus. The lack of a standard dose response

effect suggests that DPAn-6 might be converted to other

fats in vivo, such as ARA. Tam et al [54] showed the

retroconversion of DPAn-6 to ARA occurred when ARA

levels were decreased by the presence of DHA. In further

support of this, humans supplemented with the DHA-T oil

Table 3 Plasma phospholipid fatty acid levels in DPAn-6 dose response study

Fatty acid Treatment groups (Total PUFA dose)

Control DPAn-6 DHA/DPAn-6 DHA Indomethacin

300 mg/kg 700 mg/kg 1,000 mg/kg 1,000 mg/kg 700 mg/kg 1,000 mg/kg

n-3

20:5n-3 EPA 0.04 (0.06) 0.14 (0.25) 0.07 (0.07) 0 (0) 0.78 (0.17)* 1.12 (0.18)* 1.02 (0.14)* 0 (0)

22:6n-3 DHA 1.74 (0.15) 1.72 (0.07) 1.6 (0.07) 1.47 (0.15) 5.85 (0.58)* 6.16 (0.11)* 6.48 (0.56)* 1.65 (0.03)

n-6

20:4n-6 ARA 21.25 (0.76) 23.03 (1.27) 24.37 (0.62)* 24.4 (0.40)* 18.37 (0.37) 15.99 (1.01)* 15.94 (2.04)* 22.32 (0.53)

22:5n-6 DPAn6 0.98 (0.12) 3.28 (0.61)* 4.95 (0.26)* 6.33 (0.91)* 0.8 (0.14) 0.04 (0.04) 0 (0) 1.15 (0.07)

Mean fatty acid levels (g/100 g fatty acids) ?/- SD (n = 3 pooled samples/group). Means and standard deviations were calculated by One-way

ANOVA followed by Bonferroni’s post test (Graph Pad, Prism, Version 4.0)

*p \ 0.05 as compared to the Control group
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had a dose-dependent decrease in plasma ARA whereas

higher doses of the DHA-S oil resulted in relatively higher

levels of ARA [30].

Treatment with 1,000 mg/kg DHA ethyl ester resulted in

three to fourfold increase in plasma DHA, as compared to

control levels. Humans would require a dose of approxi-

mately 1.5–2 g DHA per day to achieve a similar increase

in plasma DHA [30]. Analysis of plasma phospholipid

levels clearly showed that a reduction of ARA levels did

not correlate with anti-inflammatory activity, as plasma

ARA levels remained high or are increased upon treatment

with DPAn-6. We speculate that the ability of DPAn-6 to

reduce both COX-2 and PGE2 levels, as seen in vitro, may

contribute to the decreased inflammation seen in this

COX-2-driven rat paw edema model. Our laboratory has

also recently shown that DPAn-6 can be converted into

oxylipins, resolvin-like molecules, with potent anti-

inflammatory activity which could contribute to the

observed reduction in inflammatory response in vivo fol-

lowing dosing with DPAn-6 [55]. Supplementation with

DHA-S oil, containing DHA/DPAn-6 may reduce inflam-

mation, raising levels of DHA, while maintaining ARA

levels. Taken together, these results suggest that the DHA-S

algal oil may be a novel anti-inflammatory supplement.
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Abstract Knowledge about the effects of dietary fats on

subclinical inflammation and cardiovascular disease risk

are mainly derived from studies conducted in Western

populations. Little information is available on South East

Asian countries. This current study investigated the chronic

effects on serum inflammatory markers, lipids, and lipo-

proteins of three vegetable oils. Healthy, normolipidemic

subjects (n = 41; 33 females, 8 males) completed a ran-

domized, single-blind, crossover study. The subjects con-

sumed high oleic palm olein (HOPO diet: 15% of energy

18:1n-9, 9% of energy 16:0), partially hydrogenated soy-

bean oil (PHSO diet: 7% of energy 18:1n-9, 10% of energy

18:1 trans) and an unhydrogenated palm stearin (PST diet:

11% of energy 18:1n-9, 14% of energy 16:0). Each dietary

period lasted 5 weeks with a 7 days washout period. The

PHSO diet significantly increased serum concentrations of

high sensitivity C-reactive protein compared to HOPO and

PST diets (by 26, 23%, respectively; P \ 0.05 for both)

and significantly decreased interleukin-8 (IL-8) compared

to PST diet (by 12%; P \ 0.05). In particular PHSO diet,

and also PST diet, significantly increased total:HDL cho-

lesterol ratio compared to HOPO diet (by 23, 13%,

respectively; P \ 0.05), with the PST diet having a lesser

effect than the PHSO diet (by 8%; P \ 0.05). The use of

vegetable oils in their natural state might be preferred over

one that undergoes the process of hydrogenation in mod-

ulating blood lipids and inflammation.

Keywords Inflammation � C-reactive protein �
Lipids � Fatty acids � Cytokines

Abbreviations

HOPO High oleic palm olein

PHSO Partially hydrogenated soybean oil

PST Palm stearin

Lp(a) Lipoprotein(a)

LSmeans Least squares means

hsCRP High-sensitivity C-reactive protein

IL-6 Interleukin-6

IL-1b Interleukin-1b
IFN-c Interferon-c
TNF-a Tumor necrosis factor-a
IL-8 Interleukin-8

BP Blood pressure

Introduction

In the past six decades, a number of epidemiological

studies have shown a clear association between certain

dietary fatty acids and cardiovascular disease risk [1–3].

A 2% increase in energy intake from partially hydroge-

nated fats or trans fatty acids was associated with a 23%

increase in the incidence of cardiovascular heart disease

[4]. Replacement of saturated or cis unsaturated fatty
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acids with trans fatty acids has been shown to raise

low-density lipoprotein (LDL) cholesterol concentrations,

reduce high-density lipoprotein (HDL) cholesterol con-

centrations, and increase the total:HDL cholesterol ratio

[4]. High blood levels of trans fatty acids have also been

shown to have a more pronounced adverse effect on the

lipid profile and other cardiovascular disease risk markers,

and are more strongly associated with the incidence of

cardiovascular heart disease than saturated fatty acids

(SFAs) [5].

At this time, there was emerging evidence that sug-

gested that certain dietary fatty acids could have a direct

role in the modulation of cardiovascular disease risk above

and beyond that associated with changes in blood lipids

[3, 4]. A number of inflammatory markers, such as inter-

leukin-6 (IL-6), interleukin-1b (IL-1b), tumor necrosis

factor-a (TNF-a), and interleukin-8 (IL-8) were found to be

present in the atherosclerotic plaque, and these can predict

cardiovascular heart disease risk [6, 7]. A few human

intervention studies demonstrated that trans fatty acids

increased circulating inflammatory markers, such as IL-6,

E-selectin, and hsCRP, compared to other fatty acids [8, 9].

These fatty acids were thought to alter the expression and

adherence of the circulating inflammatory markers to

endothelium [10]. However, the underlying mechanisms

involved are not yet fully understood. It is possible that

susceptibility to oxidation could play a role [11]. Inflam-

mation accelerates the atherogenic effects of oxidized

lipoproteins, but the mechanisms involved are not clearly

defined.

The increasing use of artificially produced trans fats in

foods drew grave concern from the public, and led to

stricter regulatory measures globally. Consequently, the US

Food and Drug Administration put out a mandatory ‘trans

fatty acids’ labeling on packaged food products, effective

from 1 January 2006, and this prompted food manufac-

turers to find alternatives to the use of commercially-

hydrogenated vegetable oils in formulating bakery products,

and in margarines and fried foods. In South East Asian

countries, partially hydrogenated vegetable oils are widely

used in the preparation of vanaspati or vegetable ghee,

which has up to 40% of trans fatty acids [12]. Palm oil,

which is widely used in South East Asian countries, is a

natural replacement for commercially-produced hydroge-

nated vegetable oils.

There is no conclusive information concerning the

interplay of fats on a wide array of inflammatory markers,

and the interaction of inflammatory markers with blood

lipids. Thus, the current study was carried out to compare

the effects of a high oleic vegetable oil with that of a

partially hydrogenated, and an unhydrogenated and more

saturated, vegetable oil on serum inflammatory markers

and blood lipids.

Methods

Subjects

Subjects were recruited via advertisement posted at the

research facilities of the Malaysian Palm Oil Board. Base-

line characteristics of the 41 subjects who completed the

study are presented in Table 1. All subjects were apparently

healthy as indicated by a medical and lifestyle question-

naire and biochemical tests. Exclusion criteria were:

BMI C 30 kg/m2, waist hip ratio [ 0.9 for men and[ 0.8

for women, total cholesterol [ 5.2 mmol/L, triacylglycerol

(TAG) [ 2.2 mmol/L, LDL cholesterol [ 3.3 mmol/L,

hypertension [ 150 mmHg/95 mmHg, chronic diseases

and medication. The subjects’ habitual diet was assessed by

a 3 days dietary record on two weekdays and 1 day week-

end day. Calorie intake was assessed by using a nutrition

database (NutritionistProTM Version 2.0.90, Fist Data Bank

Inc., 2008). All subjects were instructed to maintain a

consistent low or moderate physical activity throughout the

study period. The weight of the subjects was monitored on a

weekly basis in a fasting state. Throughout the study period

subjects recorded food consumed on a weekly basis to

ensure that the diet intake did not change during the inter-

vention. To ensure dietary compliance, identical food

samples were collected, as consumed on each study day, for

analysis.

Study Design

The study was a single-blind, randomized, crossover design

dietary intervention study. The study included three dietary

intervention periods of 5 weeks each, separated by a 7 days

Table 1 Subject characteristics

Variable (n = 41)

Age (years) 28.8 ± 9.1

Sex

Male (n) 8

Female (n) 33

Weight (kg) 55.0 ± 11.3

BMI (kg/m2) 21.9 ± 3.9

Waist (cm) 76.0 ± 9.4

Systolic BP (mmHg) 116.4 ± 17.4

Diastolic BP (mmHg) 74.1 ± 10.4

Total cholesterol (mmol/L) 4.6 ± 0.6

TAG (mmol/L) 0.8 ± 0.2

LDL cholesterol (mmol/L) 2.8 ± 0.5

HDL cholesterol (mmol/L) 1.6 ± 0.3

Values are means with SD

BP blood pressure
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washout period. A total of 43 subjects were recruited,

allocated randomly to one of three treatment sequences,

using a randomized orthogonal design. Subjects were

instructed to maintain their habitual food intake throughout

the study. All outcome variables were measured at the start

and end of the study.

Diets and Test Fats

During the intervention period, the participants consumed

approximately 54 g of test fats incorporated into a cooked

meal per day. The test fats used were: high oleic palm olein

(HOPO: 54% 18:1n-9, 20% 16:0), partially hydrogenated

soybean oil (PHSO: 21% 18:1n-9, 47% 18:1 trans) and

palm stearin (PST: 25% 18:1n-9, 62% 16:0). The HOPO

diet was a high oleic palm olein supplied by Malaysian

Palm Oil Board (MPOB), Malaysia. Partially hydrogenated

soybean oil (forming the PHSO diet) and palm stearin

(forming the PST diet) were supplied by Nisshin-Oillio,

Japan. The diets provided approximately 9.2 MJ/day, of

which 30–35% of energy fat (test fats accounted for *20–

25% of energy fat), 15% of energy protein and 50–55% of

energy carbohydrate. All subjects consumed breakfast and

lunch at the dining hall of the research institute, and they

were provided a packed dinner for home consumption.

Subjects consumed a 5 days rotational meal plan. Breakfast

was served with a rice or noodle dish together with a cup of

tea or juice. Lunch and dinner consisted of a fish or chicken

meal, and two servings of vegetables served with rice along

with fruits. The amount and types of food served were the

same for the three diets. Subjects were provided guidelines,

and test fats to incorporate into their home meal prepara-

tion during weekends.

Blood Sampling

Venous blood samples were collected after a 12-h over-

night fast before, and at the end of the study at week 4 and

week 5. Blood samples, collected at week 4 and week 5,

were used to observe the stability of markers tested. The

means of week 4 and week 5 were presented in results.

Blood samples, for analyses of inflammatory markers,

lipids, and lipoproteins, were collected in serum tubes and

centrifuged at 2,2009g for 15 min at 4 �C, within 1 h of

collection. Aliquots of samples were stored at -80 �C for

further analyses.

Fatty Acid Analysis

Fatty acid compositions of the test oils were determined in

the form of methyl ester by gas–liquid chromatography-

flame ionization detector (GC-FID) (Autosystem, Perkin

Elmer). Fatty acid methylation was carried out as described

in [13]. Samples (2 lL) were injected into the GC fitted

with an SP-2560 column (length 100 m, diameter

0.23 mm, and film thickness 0.2 mm). The carrier gas

(helium) pressure and injector temperature were set to

40 psi and 250 �C, respectively. The oven temperature was

set isothermal at 240 �C for 58 min. Hydrogen and oxygen

were used for ignition. A fatty acid methyl esters (FAMEs)

mixture (Sigma-Aldrich, Australia) was used as the exter-

nal standard. Results were expressed in % of energy

(Table 2).

Inflammatory Markers

Serum inflammatory markers were measured using ELISA

according to protocols described by the manufacturers. All

inflammatory markers were measured using the R&D

System, USA. In brief, murine monoclonal antibodies

against specific human inflammatory markers were pre-

coated onto a 96-well microplate. Then, 100 lL of stan-

dard or test samples were added and incubated for 2 h.

Diluted conjugates were put into each well and incubated

for 1 h. Each of the previous steps was followed with a

washing step to remove unbound substances. Stabilized

substrate solution (tetramethylbenzidine) was added to

each well and color development was stopped using a stop

solution. The optical density of each well was read at

450 nm, and corrected for 620 nm.

Table 2 Nutrient composition of test diets

HOPO diet PHSO diet PST diet

Energy, MJ 9.3 ± 1.2 8.9 ± 0.5 9.6 ± 1.1

% of energy

Carbohydrate 47.2 ± 1.3 48.5 ± 1.3 49.0 ± 1.6

Protein 19.7 ± 0.6 19.3 ± 0.3 19.2 ± 0.4

Total fat 33.5 ± 1.2 32.3 ± 1.2 31.7 ± 1.7

SFAs 10.8 ± 0.1 10.4 ± 0.8 16.4 ± 0.1

12:0 ? 14:0 0.7 ± 0.0 0.7 ± 0.1 0.7 ± 0.1

16:0 8.7 ± 0.1 8.1 ± 3.1 13.9 ± 0.3

18:0 1.4 ± 0.0 1.6 ± 1.8 1.8 ± 0.2

MUFAs 15.3 ± 0.1 17.1 ± 1.4 10.7 ± 0.2

18:1 15.3 ± 0.1 7.2 ± 0.2 10.7 ± 0.2

18:1t nd 9.9 ± 1.2 nd

PUFAs 8.6 ± 0.0 4.2 ± 0.6 3.8 ± 0.1

18:2 5.8 ± 0.0 3.9 ± 0.5 3.6 ± 0.1

18:3 2.6 ± 0.0 0.3 ± 0.0 0.2 ± 0.0

All values were derived from identical food samples collected as

consumed by subjects on each study day. Values are an average of

two determinations

HOPO high oleic palm olein, PHSO partially hydrogenated soybean

oil, PST palm stearin. nd not detectable
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Lipid, Lipoproteins and hsCRP

Serum total cholesterol and TAG (Cholesterol CHOD-PAP

and triglycerides GPO-PAP kits) were measured using

enzymatic assays. HDL cholesterol and LDL cholesterol

were assessed by enzymatic colorimetric assays (HDL-C

plus 3rd generation, and LDL-C plus 2nd generation,

respectively). Serum apolipoprotein A-I (apo A-I), apoli-

poprotein B-100 (apo B-100) and lipoprotein(a) (Lp(a))

were analyzed using immunoturbidimetric procedures

(Tina-quant� apolipoprotein A-I ver.2, Tina-quant� apo-

lipoprotein B ver.2 and Tina-quant� lipoprotein (a),

respectively). Serum hsCRP was determined using particle-

enhanced Tina-quant� CRP (Latex) high sensitive immu-

noturbidimetric assay (Tina-quant� C-reactive protein

(Latex) HS). All kits were purchased from ROCHE and all

assays were analyzed using the Hitachi 902 analyzer

(Roche Diagnostics GmbH, Germany).

Ethical Considerations

This study was conducted according to the guidelines laid

down in the Declaration of Helsinki and all procedures

involving human subjects were approved by The Univer-

sity of Malaya Medical Ethics Committee who approved

the research protocol (667.14). The study was registered at

ClinicalTrial.gov (NCT00715312). Written informed con-

sent was obtained from all subjects.

Statistics

The statistical power to detect a true difference in serum

LDL cholesterol concentration between diets if the esti-

mated effect is 10% with an a of 0.05 was 80%. Mixed

model ANCOVA was used to compare the effects of die-

tary fats on all outcome variables. Baseline values for each

parameter were included as covariates, and the analyses

were adjusted for the baseline values of each variable. Age,

BMI, sex and the order in which the participants received

the test meals were tested as covariates for influence on the

results but none was observed. Fixed effect to dietary

treatment and random factor to subject ID number were set.

When a significant effect of treatment was detected, we

used the Tukey–Kramer test for post hoc analysis. All

duplicate data were averaged and tested for normality. Data

for TAG, HDL cholesterol, LDL cholesterol, apo B-100,

and all serum inflammatory markers were log-transformed.

Fasting serum concentrations of all parameters in week 4

and week 5 were tested for any time trend. No time trend

was seen, thus an average of the two values was used for

further analysis. A two tailed P value of less than 0.05 was

considered statistically significant. We presented baseline

characteristics of subjects as means ± SD, and all outcome

variables as least squares means (LSmeans; adjusted for

baseline values) with SEM. All calculations were done by

using SAS statistical software (version 9.0; SAS institute

Inc, Cary, NC, USA).

Results

Compliance and Dietary Intake

Forty-three subjects entered the study, but two left the study

due to medical problems. A total of 41 (33 females, 8 males)

subjects completed the study. Two subjects dropped out due

to medical problems not related to the study (Fig. 1). Mean

energy intake (MJ/day) did not differ between the diet

groups. The distribution (% of energy) of fat, protein and

carbohydrate showed no significant difference between the

diet groups (P [ 0.05; Table 2). Energy intake was self-

controlled by the subjects to achieve energy balance. Initial

body weight (56.9 ± 12.4 kg) did not change during the

intervention and the weight difference was negligible

(\0.5 kg weight gained, P = 0.871) [data not shown]. All

subjects fully complied with the study protocol throughout

the study period shown by [90% attendance to the dinner

hall at the research institute.

Serum Inflammatory Markers

The PHSO diet increased hsCRP significantly when com-

pared with HOPO and PST diets (by 32% and 23%,

respectively; P \ 0.05). The PHSO diet, however, signifi-

cantly decreased IL-8 compared with the PST diet (by

12%; P \ 0.05) (Table 3). No significant differences in

IL-6, IL-1b, and TNF-a were observed between diets after

the 5 weeks intervention.

43 subjects recruited 

Randomisation  

Group B 
15 subjects 

Group C 
15ubjects 

Group A 
13subjects 

2 subjects dropped out due to 
medical problems 

41 subjects completed study  

All 41 samples were included 
in laboratory statistical 

analysis 

Fig. 1 Consort diagram of 5 weeks dietary intervention
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Serum Lipids and Lipoproteins

Compared with the HOPO diet, both PHSO and PST diets

significantly increased total cholesterol, TAG, LDL cho-

lesterol, apo B-100, total:HDL cholesterol ratio, whereas

they significantly decreased apo A-I (P \ 0.05) (Table 4).

The PHSO diet significantly decreased HDL cholesterol

when compared with the other two diets (P \ 0.05); in

addition, the PST diet significantly decreased HDL cho-

lesterol when compared with the HOPO diet (P \ 0.05)

(Table 4). In particular, the PHSO diet, and also the PST

diet, significantly increased total:HDL cholesterol ratio

compared to the HOPO diet (by 23, 13%, respectively;

P \ 0.05). No significant difference was observed for

Lp(a) between the three diets.

Discussion

A significant finding in the present study was that the

PHSO (a trans fatty acid rich) diet increased hsCRP and

total:HDL cholesterol ratio when compared with the PST

(a unhydrogenated saturated fat), and the HOPO (high oleic

palm olein) enriched diets.

Although the intake and potential adverse health effects

of trans fatty acids in Western countries have received

considerable attention, little is known about intake of

partially hydrogenated vegetable oils, a rich source of trans

fatty acids, in Asian countries. To our knowledge, this

study is one of the first to investigate the consumption of

partially hydrogenated vegetable oil and its relation to low

grade inflammation in an Asian population. Particular

interest may exist for developing countries, especially

South East Asian countries in which partially hydrogenated

vegetable oils are commonly used as cooking oil and rep-

resent an inexpensive source of dietary fats. Asian coun-

tries such as Iran have also reported a high consumption of

partially hydrogenated vegetable oils ([75%). The trans

fatty acids content of partially hydrogenated vegetable oils

used in Iranian households is 25–35%, and up to 50% in

food industries [3, 14].

The acute phase reactant, hsCRP, and pro-inflammatory

cytokines, IL-6, IL-1b, and TNF-c, are central mediators of

the inflammatory process. These pro-inflammatory cyto-

kines are important in modulating hsCRP secretion and

expression of cell adhesion molecules [15]. Epidemiolog-

ical and clinical studies indicate that trans fatty acids are

associated with an increase in hsCRP, IL-6, and TNF-a, in

both healthy and hypercholesterolemic subjects [9, 16].

Studies have reported that a high trans fatty acid diet

increased hsCRP, IL-6 and E-selectin, but an oleic acid

enriched diet decreased hsCRP and IL-6 [8, 17]. Consistent

with these findings are those of our present study which

showed that a diet high in trans fatty acids (i.e., the par-

tially hydrogenated soybean oil) increases hsCRP concen-

trations more than one with a semi-saturated fat (i.e., the

palm stearin), or one with a high oleic palm olein. Thus, in

addition to the hypercholesterolemic effect, trans fatty

acids might trigger a pro-inflammatory cascade.

In addition, we found higher serum IL-8 concentrations

in the semi-saturated fat diet compared with the trans fatty

acid and high oleic palm olein diets. hsCRP has been shown

to trigger the expression of chemokines such as IL-8 and

cell adhesion molecules in vitro [18–20]. IL-8 was shown to

inhibit neutrophil adhesion to cytokine-activated endothe-

lial cells and protect these cells from neutrophil-mediated

Table 3 Effects of the three diets on serum inflammatory markers in

healthy subjects (n = 41) participating in the 5 weeks intervention

study

Variables HOPO diet PHSO diet PST diet

hsCRP (mg/L) 0.47 ± 0.02a 0.59 ± 0.02b 0.48 ± 0.02a

IL-6 (ng/L) 1.11 ± 0.07 1.05 ± 0.08 0.94 ± 0.08

IL-1b (ng/L) 10.51 ± 3.57 9.56 ± 3.58 9.87 ± 3.57

TNF-a (ng/L) 23.92 ± 0.79 23.18 ± 0.78 22.39 ± 0.80

IL-8 (ng/L) 21.44 ± 1.05a 19.64 ± 1.08a 24.30 ± 1.23b

Values are LSmeans with SEM. All data were analyzed by mixed

model ANCOVA with baseline values as covariates. Values within a

row with unlike superscript letters (a, b) were significantly different

from each other, P \ 0.05

HOPO high oleic palm olein, PHSO partially hydrogenated soybean

oil, PST palm stearin, hsCRP high sensitivity C-reactive protein, IL-6
interleukin-6, IL-1b interleukin-1b, TNF-a tumor necrosis factor-a,

IL-8 interleukin-8

Table 4 Effects of the three diets on serum lipids and lipoproteins in

healthy subjects (n = 41) participating in the 5 weeks intervention

study

Variables HOPO diet PHSO diet PST diet

Total cholesterol

(mmol/L)

4.48 ± 0.04a 4.72 ± 0.04b 4.66 ± 0.04b

TAG (mmol/L) 0.83 ± 0.01a 0.89 ± 0.01b 0.88 ± 0.01b

LDL cholesterol

(mmol/L)

2.69 ± 0.05a 3.11 ± 0.05b 2.95 ± 0.05b

HDL cholesterol

(mmol/L)

1.63 ± 0.03a 1.42 ± 0.03b 1.55 ± 0.03c

Apo A-I (mmol/L) 3.80 ± 0.03a 3.55 ± 0.03b 3.57 ± 0.03b

Apo B-100 (mmol/L) 2.48 ± 0.03a 2.65 ± 0.03b 2.68 ± 0.03b

Total:HDL cholesterol 2.84 ± 0.06a 3.50 ± 0.06b 3.22 ± 0.06c

Values are LSmeans with SEM. All data were analyzed by mixed

model ANCOVA with baseline values as covariates. Values within a

row with unlike superscript letters (a, b, c) were significantly different

from each other, P \ 0.05

HOPO high oleic palm olein, PHSO partially hydrogenated soybean

oil, PST palm stearin, Lp(a) lipoprotein(a)
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damage [20]. Except for IL-8 and hsCRP, we did not

observe any significant differences in the concentrations of

serum IL-6, IL-1b, and TNF-a, after consumption of all the

three diets. Although hsCRP is primarily secreted in

response to IL-6, a regulation of hsCRP that is IL-6-inde-

pendent has been reported [21]. Our finding is in agreement

with that of Han et al. [9], but not with those from other

studies [8]. The lack of a significant change in serum

inflammatory markers could be explained, in part, by the

marked variability in these endpoints as the magnitude of

response will vary between subjects. Cytokines produced

by adipocytes such as IL-6, IL-1b, and TNF-a have been

reported to be associated with increased body weight as a

result of the expansion of adipose tissue [22, 23]. Obesity is

often accompanied by elevated levels of free fatty acids

and hence induces changes in adipose tissue, skeletal

muscle, and liver and further lead to systemic inflammation

and insulin resistance [23]. In addition, the risks of car-

diovascular disease are age-dependent, it has been well

established that inflammation increases with age. This

might also explain why older subjects possess higher cir-

culating inflammatory levels compared to younger subjects

[24]. The present study recruited relatively young healthy

subjects (28.8 ± 9.1 year) which may result in lower

inflammatory response in IL-6 and TNF-a as contributed

by moderate elevation of hsCRP in the serum. Further

studies on an older population are warranted.

In addition, the discrepancy in the results may also be

due to the study design and the percentage of energy fat

incorporated [7]. Baer et al. [8] employed a high fat diet

(38% of energy) which might provoke the inflammatory

effect of trans fatty acids. We hypothesize that the

inflammatory pathways will only be stimulated by a longer

and increased dietary fat incorporation in the diets. The

present amount of fat (&32% of energy) and 5 weeks

feeding duration might not be sufficient to induce a sig-

nificant change in all inflammatory markers in healthy

subjects fed varied dietary fats. In addition, a recent study

showed that saturated fats, compared to olive oil, triggered

a higher expression of TNF-a from a peripheral mononu-

clear cell culture but not in serum [25]. This finding sug-

gests that the synthesis and secretion of these cytokines

may not happen simultaneously.

The mechanisms by which dietary fatty acids modulate

inflammatory markers are not clearly understood. Most of

the evidence reported inverse relationship between dietary

long chain polyunsaturated fatty acids (PUFAs) and

inflammation [26]. Clinical studies reported anti-inflam-

matory effects of long chain n-3 PUFAs by suppressing

pro-inflammatory cytokines and cell adhesion molecules

[27–29]. Studies showed that high fat meals enriched with

oleic acid reduced postprandial levels of sICAMs and

sVCAMs compared to palmitic acid [30]. However, there is

insufficient evidence showing the involvement of mono-

unsaturated fatty acids (MUFAs) and SFAs in inflamma-

tory processes. There are several possible mechanisms by

which specific fatty acids could regulate inflammatory

response. Numerous dietary studies indicate that trans fatty

acids but not SFAs and MUFAs cause insulin resistance but

other studies reported that increasing dietary saturated fats

induces insulin resistance whereas PUFAs have a less

pronounced effect or even improve insulin sensitivity [31].

We argue that the decrease in insulin levels may contribute

to an increase in free fatty acid levels which may further

lead to inflammatory process. Elevated levels of CRP, IL-6,

TNF-a, and IL-8 have also been reported in diabetic and

insulin resistance state [32, 33]. In addition, the induction

of gene expression of the inflammatory markers is known

to be regulated by the activation of nuclear factor-kappa B

(NF-jB) [34]. SFAs, but not monounsaturated fatty acids,

were shown to inhibit NF-jB activation and induce the

expression of cyclooxygenase-2 (Cox-2) mediated through

Toll-like receptor 4 (Tlr 4) [35]. In contrast with this

finding, Milanski et al. [36] reported that SFAs, modulate

toll-like receptor 4, and trigger the intracellular signaling

network that induce an inflammatory response which may

explain, in part, the present finding which showed that the

PST diet increased IL-8 expression in serum. Trans fatty

acids, on the other hand, exacerbate a pro-inflammatory

milieu through its effect on lipid raft assembly and function

[37]. Trans fatty acids have been reported to be incorpo-

rated into cell membrane by affecting the membrane sig-

naling pathway and modulating the ligand-dependent

effects on PPARc relating to inflammation [38].

The consumption of partially hydrogenated fat has been

reported to impair the catabolic pathway of cholesterol-rich

lipoproteins by lowering the rate of cholesterol synthesis

when compared with soybean oil [39]. This, in fact, could

explain the findings in the present study, where partially

hydrogenated soybean oil, and palm stearin to a lesser

extent, significantly increased serum total cholesterol,

TAG, LDL cholesterol, apo B-100 concentrations, and the

total: HDL cholesterol ratio (which is a good predictor of

CVD risk), compared to the high oleic palm olein diet. Our

findings are in agreement with several previous studies [40,

41]. We also observed a decrease in HDL cholesterol and

apo A-I levels in the trans fat (PHSO) diet group in

comparison with the semi-saturated fat (PST) and high

oleic palm olein (HOPO) groups, as was also found by

other researchers [42].

Studies have reported hypercholesterolemic effects of

SFAs in palm oil, compared with oils rich in MUFAs and

polyunsaturated fatty acids (PUFAs) [17, 43], though

findings from a few studies have questioned these obser-

vations [44, 45]. In studies that investigated specific fatty

acids, palmitic acid showed fewer hypercholesterolemic
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effects than lauric and myristic acids [46]. Human clinical

studies have shown that trans fatty acids exerted a more

atherogenic effect compared with palmitic acid as mea-

sured by lipid profiles [41, 42]. There is no uniform

agreement on the absolute or relative cholesterol-raising

potential of palmitic acid [47]. Stereospecific distribution

of specific fatty acids might play a role in explaining the

underlying mechanism involved in lipid metabolism [48].

The relatively lower risk of palmitic acid compared to trans

fatty acids may be related to the combination of less readily

absorbed palmitic acids in the sn-1, 3 positions and

enhanced removal of palmitic acids from the circulation

[48, 49]. This observation may, in part, explain the less

atherogenic effect of palmitic acid.

Our study has some limitations. One concern is that the

sample size was calculated based on the true difference of

LDL cholesterol on dietary treatments. We did not include

the inflammatory markers as a consideration in the power

calculation. However, our study with 41 subjects compared

to that of Han et al. [9] with 19 subjects, should allow for

the detection of a difference in specific inflammatory

markers among the different diets.

Another consideration is that the differences in lipo-

protein, lipid and inflammatory marker levels in the present

study could not be attributed to the effect of a single fatty

acid. This study was designed to assess the effect of

commercial fats, with distinct fatty acid profiles, when they

are consumed in their normal way, as a cooking oil and in

foods, in a South East Asian population. Our investigation

was not designed to distinguish the effects of individual

fatty acids.

The use of vegetable oils in their natural state might be

preferred over one that has undergone the process of

hydrogenation. Hence, high oleic palm olein may serve as a

suitable cooking oil due to its beneficial effect on blood

lipids and inflammatory markers.
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Abstract The effect of the consumption of medium-chain

fatty acid (MCFA)-rich and polyunsaturated fatty acid

(PUFA)-rich mustard oil on platelet aggregation, haema-

tological parameters and the liver was studied in male

albino rats. The rats were fed on standard stock diet with

control (mustard oil) and experimental oils for 28 days.

Haematological examinations in the normal condition

showed that there was no significant variation in the

platelet count, total white blood cell (WBC) and red blood

cell (RBC) counts, haematocrit value and mean cell hae-

moglobin concentration (MCHC) percentage in the rats

fed with control and experimental oils. Haematological

examinations in the hypercholesterolaemic condition

revealed that there was a significant increase in the platelet

count by 39.38% in hypercholesterolaemia, which was

decreased by 27.29 and 42.71% by the administration of

the experimental oils, respectively. The haemoglobin level

was decreased by 5.3%, whereas the haematocrit value was

increased by 12.52% in hypercholesterolaemia, which were

normalised by treatment with the experimental oils. The

platelet aggregation study indicated that the adenosine

diphosphate (ADP)-induced platelet aggregation increased

by 71.67% in hypercholesterolaemia, but the experimental

oils beneficially reduced platelet aggregation by 26.33 and

68.33%, respectively. There was increased total choles-

terol, non-high-density lipoprotein (non-HDL) cholesterol

and triglyceride levels in liver in hypercholesterolaemia,

which was also recovered by the administration of exper-

imental oils. Organopathological examination showed that

there was deposition of cholesterol in the liver in the

hypercholesterolaemic condition, which was also reduced

by treatment with the two experimental oils.

Keywords Medium-chain triglycerides (MCT) �
Medium-chain fatty acid (MCFA) �
Polyunsaturated fatty acid (PUFA) �
Hypercholesterolaemia � Platelet aggregation �
Histopathology � Haematology

Abbreviations

ADP Adenosine diphosphate

AMRD Age-related macular degeneration

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

EPA–LA Eicosapentaenoate–lipoate

HDL High-density lipoprotein

LCT Long-chain triglyceride

MCT Medium-chain triglyceride

MCHC Mean cell haemoglobin concentration

MCV Mean corpuscular volume

PRP Platelet-rich plasma

TAG Triacylglycerol

PUFA Polyunsaturated fatty acid

ROS Reactive oxygen species

5-HT 5-Hydroxytryptamine

Introduction

Hypercholesterolaemia is a major risk factor of cardio-

vascular diseases, predominantly coronary artery disease

[1]. High plasma levels of cholesterol induce vascular
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oxidative stress and profoundly change the reactivity of

both blood vessels and platelets [2, 3]. In large arteries of

the coronary and the systemic circulation, hypercholeste-

rolaemia induces and promotes the development of ath-

erosclerotic lesions and endothelial dysfunction, which is

significantly contributed by oxygen-deriving radicals and

oxidised low-density protein [4–6]. In platelets, hyper-

cholesterolaemia induces a hyperactive state, which is

characterised by increased serotonin release and enhanced

responses to platelet aggregators, such as collagen, aden-

osine diphosphate (ADP) and thromboxane, while the ag-

gregatory activity of prostacyclin is reduced [7].

The major physiological function of platelets is to

mediate the haemostatic response. When a blocked blood

vessel is damaged, platelets adhere to the exposed suben-

dothelium, where they become activated and aggregate to

form a haemostatic plug, in order to arrest the flow of blood

and seal off the damaged vessel wall. Platelet activation is

controlled by several substances endogenous to the vas-

culature, such as thrombin, collagen, ADP, adrenaline and

5-hydroxytryptamine (5-HT). These antagonists act

through specific receptors expressed on the platelet surface

membrane and initiate signal transduction pathways that

lead to platelet activation. However, in pathological con-

ditions, platelets form thrombi at the site of vascular

lesions and these are associated with ischaemic events and

the progression of atherosclerosis. Furthermore, there is

evidence of platelet hypersensitivity to aggregating agents

in patients with risk factors for coronary heart disease, such

as hypertension and hypercholesterolaemia [8].

Feeding a high-cholesterol diet has often been used to

elevate serum or tissue cholesterol levels to study the

aetiology of hypercholesterolaemia-related lipaemic-

oxidative disturbances. In diet-induced hypercholesterola-

emia, the liver is the primary organ to metabolise the

excessively ingested cholesterol and become affected by

subsequent oxidative stress. Endogenous pro-oxidant con-

ditions in liver cells produce effects that influence the

development of atherosclerosis [9]. Increased oxidative

stress, resulting from both increased oxygen-free radical

production and decreased nitric oxide generation, appears

to play an important role in the chronic inflammatory

responses to hypercholesterolaemia and atherosclerosis

[10]. The literature suggests that structured lipids eicosa-

pentaenoate–lipoate (EPA–LA) attenuate hypercholester-

olaemia-related disturbances, mainly because of their

ability to reduce reactive oxygen species (ROS) production

and cholesterol, respectively [11].

The consumption of dietary fats have been long asso-

ciated to chronic diseases such as obesity, diabetes, cancer,

arthritis, asthma and cardiovascular disease. Although

some controversy still exists in the role of dietary fats in

human health, certain fats have demonstrated their positive

effect in the modulation of abnormal fatty acid and

eicosanoid metabolism, both of them associated to chronic

diseases. Among the different fats, some fatty acids can be

used as functional ingredients such as medium-chain fatty

acids (MCFA) and polyunsaturated fatty acids (PUFA),

such as eicosapentaenoic acid (EPA) and docosahexaenoic

acid (DHA).

MCFA (6–10 carbon atoms) containing triglycerides are

popularly known as medium-chain triglycerides (MCTs).

MCTs are a special-purpose food for use as supportive

nutritional therapy. It may be used to increase the calorie

value and to improve the palatability, digestibility and

absorption. MCTs have a number of properties that may be

beneficial in preventing atherosclerosis; among these are

that MCTs have anti-coagulating effects and have been

shown to lower serum cholesterol. In addition, MCTs reduce

levels of cholesterol in the liver and other tissues [12].

PUFAs are remarkably important molecules, both

structurally and functionally, and fatty acids with n-3

configuration are predominant class of PUFA. EPA (20:5n-3)

and DHA (22:6n-3) are the important n-3 PUFAs. EPA and

DHA are important in the treatment of atherosclerosis,

cancer, rheumatoid arthritis, psoriasis and diseases of old

age, such as Alzheimer’s and age-related macular degen-

eration (AMRD) [13, 14]. A beneficial effect of n-3 PUFA

present in marine fishes on atherogenesis is supported from

the majority of animal studies showing that feeding with

fish oil decreases atherosclerotic lesions [15]. n-3 PUFA

may also reduce thrombogenesis and, thereby, decrease the

risk of thrombotic complications of plaque rupture/fissure.

A vast population of East Asia use mustard oil as the

primary cooking oil. Mustard oil (Brassica juncea) contains

8–9% of saturated fatty acid and 88–91% of unsaturated fatty

acid, in which 48–50% is erucic acid (22:1) and erucic acid

takes time to digest in the human digestive system, which

leads to less deposition of lipids in different organs [16].

Moreover, mustard oil contains two essential fatty acids

(EFA) in appreciable amounts. There are some opportunities

to increase the beneficial effects of mustard oil by incorpo-

rating MCFA or PUFA in its glyceride backbone, resulting in

the formation of MCT-containing mustard oil (MCTM) and

PUFA-containing mustard oil (PUFAM). The aim of this

study was to investigate the effects of these two modified

forms of mustard oil on different haematological and his-

tological parameters, and also on platelet aggregation.

Materials and Methods

Materials

Mustard oil was extracted from brown mustard seed by the

solvent extraction method and physically refined and
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bleached in the laboratory. Capric acid (C10:0) was

obtained from Sigma Chemical Company. Fish oil con-

taining 32% EPA and 22% DHA was used as the source of

PUFA. Lipase TLIM was a gift from Novozymes India Pvt.

Ltd. All other reagents used were of analytical grade and

procured from Merck India Ltd., Mumbai, India.

Preparation of Oils

Two types of procedures were adopted for the preparation

of experimental oil. Capric acid was reacted with mustard

oil to obtain MCTM, and EPA- and DHA-containing fish

oil was blended with mustard oil to obtain PUFAM. The

reaction between capric acid and mustard oil was carried

out in a packed-bed bioreactor. The reactor consisted of a

tubular glass column of 10 mm ID and was 50 cm long. It

was also provided with a water jacket for temperature

control. The immobilised enzyme packed into the reactor

was retained in place by means of a sintered plate. The

substrates were fed from the top and the products were

collected at the bottom. The substrates were previously

blended and well mixed at the reaction temperature before

conducting the packed-bed reaction and were poured into

the enzyme bed, maintaining a fixed sample head. Water

from a constant temperature bath was circulated through

the jacket by a peristaltic pump. A partial suction was

given to maintain the constant flow rate (0.4 mL/min;

optimised in the previous study); 20 g of enzyme was

closely packed into the column by repeated tapping to

avoid any air gaps. Transesterification reactions were then

carried out by passing the substrate through the column.

The temperature was maintained at the desired value of

60�C by passing water through the column jacket. The

product mixture was collected at the outlet and the fatty

acid composition of the oils was determined by gas chro-

matography (GC). The fish oil was blended with mustard

oil in the mole ratio of 1:2 (fish oil:mustard oil) to obtain

PUFA-rich mustard oil (PUFAM). The total amounts of

MCFA and PUFA in the modified mustard oils were kept

almost equal. Some amount of synthetic antioxidant

(TBHQ) was added to both of the oil formulations.

Chromatographic Analysis of Oils

Fatty acid composition of MCTM and PUFAM oils were

analysed by GC. Fatty acid ethyl esters (FAME) were

prepared by the method described by Metcalfe et al. [17]

and the compositions were determined by GC analysis

using an analytical gas chromatograph (Agilent 6890 Ser-

ies gas chromatograph) equipped with a flame ionisation

detector (FID) and an HP-Wax capillary column (J & W

Scientific Columns from Agilent Technologies) of 30 m

length with 0.25 mm ID and 0.25 mm film thickness. The

GC inlet temperature and FID detector temperature was

maintained at 250�C and the oven temperature was main-

tained at 250�C for 2 min. Then, the temperature was

increased at a rate of 10�C/min, up to 280�C, then a 20-min

hold at 280�C. The gas flow was 30, 300 and 29 mL/min

for hydrogen, air and nitrogen, respectively.

Experimental Animals

Male Charles Foster rats weighing 80–100 g were grouped

into four groups (six rats in each group) by random distri-

bution and housed in individual cages, under a 12-h light/

dark cycle. The animals were given a fresh diet daily and the

left over food was weighed and discarded. The gain in body

weight of animals was monitored at regular intervals. The

animals had free access to food and water throughout the

study. Each group of rats was fed for a total of 30 days. In the

control group, the rats were fed with normal stock diet

containing mustard oil and case groups were fed with 20%

MCTM and 20% PUFAM, respectively. The protein content

of the food was analysed using the Kjeldahl method, fat by

the Soxhlet method, and ash and moisture content by oven

assay. Samples of the rat faecal matter were collected and

analysed once per day. At the end of the experiment, the

feeding of rats was stopped and, after 12 h fasting, the rats

were anaesthetised by chloroform and 5 ml of blood was

taken from the heart. The liver was removed, rinsed with ice-

cold saline, blotted, weighed and stored at -20�C until it

was analysed. The experimental protocol was approved by

the Animal Ethical Committee.

Collection of Blood Samples and Measurement

of Haematological Parameters

Blood samples taken from the abdominal aorta were col-

lected in sample bottles containing heparin as the antico-

agulant. Total white blood cell (WBC) counts, number of

platelets, haemoglobin concentration, mean cell haemo-

globin concentration (MCHC), mean corpuscular volume

(MCV) and haematocrit value were analysed.

Platelet Preparation

Blood (4.5 mL) was collected from the abdominal aorta of

urethane-anaesthetised animals and poured into 0.5 mL

trisodium citrate (3.8% w/v) and centrifuged (250 g,

15 min, at room temperature) to obtain platelet-rich plasma

(PRP).

Platelet Aggregation Study

PRP was taken and washed platelets were prepared as

described by Brunauer and Huestis [18] and suspended in
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Tyrode buffer. Platelets were incubated for 15 min at 37�C

prior to use. Platelet aggregation measurements were per-

formed using a Chrono-Log dual-channel aggregometer.

The aggregometer was calibrated using the light trans-

mission of PRP/platelet suspension and PPP/Tyrode buffer

to represent 0 and 100% aggregation, respectively. Platelet

suspension of 450 lL was stirred at 1,000 rpm at 37�C and

10 lL of ADP (25 m) was added and aggregation followed

for at least 5 min. The reading was recorded until a plateau

was reached.

Analysis of Liver Lipids

Liver lipid was extracted by the method of Folch et al. [19].

One gram of tissue was homogenised with 1 mL of 0.74%

potassium chloride and 2 mL of different proportions of

chloroform and methanol for 2 min and then centrifuged.

The mixture was left overnight and the chloroform layer

was filtered through a Whatman filter paper (No. 1). The

chloroform layer was dried, the tissue lipid contents were

measured and the lipid was used for lipid analysis. The

liver lipid was used for the estimation of total cholesterol,

high-density lipoprotein (HDL) cholesterol, non-HDL

cholesterol, triacylglycerol (TAG) and phospholipid esti-

mation by using standard kits.

Histopathology

Permanent preparations were made using routine methods

[20]. The livers were fixed in 10% buffered formalin. The

tissues were subsequently dehydrated in upgraded

concentrations of alcohol, cleansed in xylene, impregnated

and embedded in paraffin wax. Several sections of 3–6 lm

were cut using a microtome. The sections were stained

with haematoxylin and eosin.

Data Analysis and Statistical Procedures

All of the data are presented as mean ± standard deviation

(SD). Significance was calculated using one-way analysis

of variance (ANOVA).

Results

Composition of Oils

Analysis of the lipids in the diet showed that MCTM

contained 19.87% capric acid (C10) and PUFAM contained

18.83% EPA and DHA. The fatty acid compositions of the

control oil (mustard oil) and experimental oils, MCTM and

PUFAM, are given in Table 1.

Nutritional Performance of Rats Fed

with Experimental Oils

The fat level was kept constant at 20% in all of the dietary

groups. The amount of diet consumed by the different

groups was comparable. The feeding effect of dietary lipids

on the body weight gain of normal and hypercholestero-

laemic rats is presented in Table 2. There was no signifi-

cant difference in the food intake of the different groups of

Table 1 Fatty acid composition of control and experimental oils

Fatty acid Fatty acid (% w/w)

C10:0 C16:0 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1 C20:4 C20:5 C22:0 C22:1 C24:0 C22:6

Mustard oil (control) – 2.24 1.15 9.42 17.94 10.75 0.80 5.15 – – 2.00 48.55 1.30 –

MCTM 19.87 1.75 1.02 11.06 10.55 7.22 0.60 3.57 – – 1.92 40.35 2.09 –

PUFAM – 1.33 2.33 9.31 17.52 8.18 0.20 4.87 1.68 10.35 1.59 33.00 1.19 8.48

Table 2 Effect of feeding dietary lipids on body weight gain of normal and hypercholesterolaemic rats

Parameters Control oil MCTM oil PUFAM oil

Normal

condition

Hypercholesterolaemic

condition

Normal

condition

Hypercholesterolaemic

condition

Normal

condition

Hypercholesterolaemic

condition

Food intake (g/day/

rat)

7.94 ± 0.87a 8.05 ± 1.32a 8.44 ± 0.07a 8.27 ± 0.98a 8.04 ± 0.12a 7.91 ± 0.25a

Body weight gain (g) 34.17 ± 0.99a 42.51 ± 0.46b 34.09 ± 0.45a 40.34 ± 0.99c 39.66 ± 0.67d 43.83 ± 1.21e

Food efficiency ratio 0.14 ± 0.01a 0.17 ± 0.01a 0.13 ± 0.02a 0.16 ± 0.01a 0.16 ± 0.01a 0.18 ± 0.03a

Values are mean ± SEM (n = 6 rats)

Values not sharing a common superscript within a row are statistically significant (P \ 0.01)
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normal and hypercholesterolaemic rats. However, there

was a significant difference between the body weight gain

of the normal and hypercholesterolaemic groups

(P \ 0.01). There was no significant difference between

the body weight gain of the group fed with mustard oil and

the group fed with MCTM oil in the normal case. On the

other hand, the body weight gain decreased on feeding the

rats with MCTM oil in the hypercholesterolaemic condi-

tion. The body weight gain was increased significantly by

feeding the rats with PUFAM oil both in the normal and

hypercholesterolaemic groups. The food efficiency ratios

(FER) of the normal rats fed with three different oils were

almost equal and there was no significant difference also

between the food efficiency ratios of the hypercholestero-

laemic rats fed with the three oils, but the FER value was

slightly greater in the case of hypercholesterolaemic groups

than that of normal groups.

Haematological Parameters

The blood haematological parameters of the normal and

hypercholesterolaemic groups are shown in Table 3. The

results show that there were no significant variations in the

platelet count, total WBC counts, total red blood cell

(RBC) counts, haematocrit value and MCHC percentage in

the normal rats fed with control and experimental oils. But

there was a significant increase in the platelet counts from

5.82 9 109/L in the normal case to 9.60 9 109/L in the

hypercholesterolaemic case, and the count was lowered

with the administration of both of the experimental oils.

The haemoglobin level of the normal rats fed with control

oil was lower in comparison with its level in rats fed with

experimental oils and there was further lowering of the

haemoglobin level in hypercholesterolaemia, which was

raised by feeding the rats with MCTM and PUFAM oils.

The results also show that the MCV percentage was raised

with the administration of PUFAM oil in the case of nor-

mal rats. Similarly the haematocrit and MCHC values were

increased with the induction of hypercholesterolaemic

condition in rats and the percentages were lowered by

treatment with the experimental oils. Among the two

experimental oils, the effect of PUFAM was better than

MCTM oil.

In Vitro Platelet Aggregation

Table 4 depicts the changes in platelet aggregation by

treatment of the normal and hypercholesterolaemic rats

with MCTM and PUFAM oils. MCTM and PUFAM oil-

fed rats showed a significant decrease (P \ 0.05) in the

percentage aggregation of platelets. The decrease in per-

centage aggregation was much more pronounced in the

case of PUFAM oil than in the case of MCTM oil, both in

normal and hypercholesterolaemic subjects. The percent-

age of ADP-induced platelet aggregation was increased to

a very high degree in the case of hypercholesterolaemia,

which was decreased significantly (P \ 0.05) by 26.33 and

68.33% by feeding the rats with MCTM and PUFAM oils,

respectively.

Liver Lipid Analysis

The liver is an important site for lipid metabolism. The

liver lipid profiles of normal and hypercholesterolaemic

rats fed with dietary lipids are shown in Table 5. The total

cholesterol of the liver of rats fed with control oil was

14.74 mg/dL in the case of normal rats and 18.72 mg/dL in

the case of hypercholesterolaemic rats. These levels of total

cholesterol were decreased significantly by treating the rats

with MCTM oil and PUFAM oil, both in the normal and

hypercholesterolaemic groups. The liver triglyceride con-

centration was also altered by the type of fat given to the

Table 3 Comparison between the haematological parameters of rats fed with control oil and experimental oils in normal and hypercholeste-

rolaemic condition

Parameters Control oil MCTM oil PUFAM oil

Normal

condition

Hypercholesterolaemic

condition

Normal

condition

Hypercholesterolaemic

condition

Normal

condition

Hypercholesterolaemic

condition

Platelets (9109/L) 5.82 ± 0.88a 9.60 ± 0.22b 5.35 ± 0.25a 6.98 ± 0.18c 5.02 ± 0.39a 5.50 ± 0.50a

Haemoglobin (g/dl) 13.20 ± 0.12a 12.50 ± 0.09b 14.00 ± 0.29c 13.28 ± 0.02d 15.60 ± 0.08e 14.53 ± 0.20f

Total WBC (9109/L) 5.12 ± 0.17a 8.77 ± 0.20b 4.98 ± 0.12a 7.47 ± 0.12c 4.29 ± 0.88a 5.99 ± 0.06d

Total RBC (9109/L) 8.50 ± 0.22a 7.50 ± 0.56a 8.71 ± 0.18a 7.89 ± 0.28a 8.94 ± 0.28a 8.24 ± 1.20a

MCV (%) 47.50 ± 1.20a 45.76 ± 0.20a 48.30 ± 1.29a 46.30 ± 0.78a 53.00 ± 0.29b 50.89 ± 0.21c

Haematocrit (%) 40.33 ± 1.02a 46.10 ± 0.99a 39.65 ± 0.76a 44.23 ± 0.17b 39.53 ± 0.18a 40.21 ± 0.10c

MCHC (%) 32.70 ± 0.21a 30.10 ± 0.31a 33.21 ± 0.56a 32.18 ± 0.09b 32.20 ± 1.34a 32.68 ± 0.54b

Values are mean ± SEM (n = 6 rats)

Values not sharing a common superscript within a row are statistically significant (P \ 0.01)
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rats. There was a decrease in the triglyceride concentration

by 23.2 and 47.9% in normal rats fed with MCTM oil and

PUFAM oil, respectively, and by 22.3 and 39.5% in

hypercholesterolaemic rats fed with MCTM oil and

PUFAM oil, respectively. There was a decrease in the non-

HDL levels and an increase in the phospholipid concen-

trations by treating the rats with the two experimental oils

both in the normal and hypercholesterolaemic cases. There

was an increase in the level of HDL cholesterol by treating

the rats with the experimental oils. The changes were more

pronounced in the case of PUFAM oil.

Histopathology of the Liver

Microscopic examination of the liver cells of the six groups

was performed and the histopathological slides are shown

in Fig. 1. Figure 1a, d highlighted the abnormal fatty

changes in hepatic histology of the control rats. The

changes are very much pronounced in the case of hyper-

cholesterolaemic control rats. Figure 1b, e highlighted the

treatment of the livers with MCTM oil. Figure 1c, f high-

lighted the treatment of the livers with PUFAM oil. The

effect of treatment of the rats with PUFAM oil was much

greater in comparison with MCTM oil.

Discussion

The data on the total body weight indicated a decrease in

body weight gain in case of administration of MCTM oil,

and the reverse occurs in the case of PUFAM oil. This is

due to the reason that MCTs have lower calorie content in

comparison to long-chain triglycerides (LCT). MCTs are

also not stored in fat deposits in the body as much as LCTs

[21]. MCTs also contribute to enhanced metabolism to

burn even more calories [22].

Hypercholesterolaemia increases markedly the platelet

count, haematocrit value and MCHC percentage. Their

increase in the blood serves as important markers of vas-

cular disease, such as microangiopathy and macroangiop-

athy. The treatment of the hypercholesterolaemic rats with

MCTM and PUFAM oils decreases the platelet count,

haematocrit value and MCHC percentage and, thus,

decreases the chances of vascular disease as well.

The actual physiology of the hypercholesterolaemic

subjects could be understood by its liver lipid profile, as the

liver is the main site for lipid metabolism. The results of

the present study indicates that the administration of two

structured lipids, MCTM and PUFAM, increases HDL and

decreases non-HDL cholesterol, along with a reduction of

TAG and increment in phospholipids. Our results also

show that the platelets of hypercholesterolaemic rats are

significantly more responsive to ADP-induced aggregation

in vitro than normal rats in terms of peak height. As cho-

lesterol is responsible for the observed changes in platelet

reactivity, an acute elevation in the cholesterol level had a

significant effect on ADP-induced platelet aggregation. In

the present work, we have only studied aggregation

responses to ADP, which is considered to be an important

physiological mediator of platelet aggregation. The in vitro

Table 4 Platelet aggregation in rats fed with MCTM and PUFAM oils in comparison with the rats fed with control mustard oil

ADP-induced platelet aggregation (%) Control oil MCTM oil PUFAM oil

Normal case (%) 21.25 ± 0.98a 18.75 ± 1.05b 15.00 ± 0.45c

Hypercholesterolaemic case (%) 75.00 ± 3.67a 55.25 ± 1.88b 23.75 ± 2.76c

Values are mean ± SEM (n = 6 rats)

Values not sharing a common superscript within a row are statistically significant (P \ 0.05)

Table 5 Liver lipid profile (mg/g tissue) of normal and hypercholesterolaemic rats fed with dietary lipids

Parameters Control oil MCTM oil PUFAM oil

Normal

condition

Hypercholesterolaemic

condition

Normal

condition

Hypercholesterolaemic

condition

Normal

condition

Hypercholesterolaemic

condition

Total cholesterol 14.74 ± 0.11a 18.72 ± 0.09b 9.94 ± 0.18c 13.53 ± 1.56d 8.63 ± 1.22e 10.27 ± 0.48f

HDL cholesterol 4.47 ± 0.21a 2.11 ± 0.98b 5.54 ± 0.04c 4.13 ± 0.16d 5.72 ± 0.17c 5.32 ± 0.34e

Non-HDL cholesterol 7.49 ± 0.22a 13.14 ± 0.33b 2.27 ± 0.07c 6.71 ± 0.18d 1.47 ± 0.18e 2.85 ± 0.28f

Triacylglycerol 13.88 ± 0.99a 17.33 ± 0.11b 10.66 ± 0.45c 13.47 ± 0.32d 7.22 ± 0.34e 10.49 ± 0.18f

Phospholipids 2.42 ± 0.01a 1.89 ± 0.05b 2.99 ± 0.24c 2.88 ± 0.06c 3.14 ± 0.04c 2.93 ± 0.10c

Values are mean ± SEM (n = 6 rats)

Values not sharing a common superscript within a row are statistically significant (P \ 0.05)
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model of platelet accumulation used in this study has

previously been validated and provides a reliable and

reproducible method of assessing platelet aggregation

responses. It reflects the true accumulation of platelets in

the pulmonary vasculature that is not simply a consequence

of changes in blood flow or distribution. It is released from

dense granules of platelets and acts principally through the

platelet P2Y12 receptor to induce platelet activation and

subsequent aggregation. Clinically, the P2Y12 receptor

antagonist clopidogrel is widely used for the prevention of

arterial thrombotic disease. This may be possibly related to

an increase in the ADP sensitivity of platelets. This con-

firms the importance of ADP as a stimulus for thrombotic

disease, especially in hypercholesterolaemic patients. The

results of this study show that, in an animal model of

hypercholesterolaemia, platelet aggregation was increased

in vitro, as determined by the accumulation of platelets in

response to ADP. This may contribute to the increase

in arterial thrombotic events seen in this condition, so that

an increased ability of platelets to aggregate coupled with

endothelial dysfunction and vascular damage, which

combine to give rise to both macrovascular and micro-

vascular disease. Treatment of the rats with MCTM and

PUFAM oils seems to produce an inhibitory effect on

platelet aggregation, thus, reducing the chances of vascular

diseases and, finally, atherosclerosis by reducing the

interaction between platelets and the vessel wall. The effect

of PUFAM oil seems to be higher than MCTM oil. Various

laboratories have investigated the metabolic mechanisms

by which polyunsaturated fatty acids may decrease platelet

activation after exposure to several agonists. When EPA is

consumed, it is selectively incorporated into various

phospholipid components of the platelet membrane. A

result of EPA’s accumulation in membrane phospholipids

is the partial replacement of endogenous arachidonic acid

(AA) available for the release and formation of throm-

boxane A, which is a potent inducer of platelet aggregation

and a vasoconstrictor. EPA not only decreases the amount

of AA available in tissue phospholipids for conversion into

eicosanoids (including prostaglandins and leukotrienes),

but it also competitively inhibits the conversion of AA into

endoperoxides at the level of cyclo-oxygenase.

The hallmark of atherosclerosis was the accumulation of

cells containing excessive lipids, and this was notable in

the histopathological observation of the present study,

where there was an increased lipid infiltration in hepato-

cytes of the control rats, especially in the hypercholeste-

rolaemic control rats. Furthermore, the cholesterol levels in

the liver of the control rats were also increased. It was

reported that the supplementation of n-3 PUFA results in

increased cholesterol excretion from the animals, by

increasing the transfer of cholesterol into bile [23]. HMG

CoA reductase inhibitory property of n-3 PUFA [24] and

MCT reduces hepatic endogenous production of choles-

terol, thereby, preventing excessive accumulation of lipids

in the hepatocytes. It has been demonstrated from the study

that the incorporation of MCFA and PUFA in mustard oil

in the diet of rats appears to be hypolipidaemic by effi-

ciently reducing the increased lipid infiltration and cho-

lesterol level in hepatic tissues.

Fig. 1 Pictomicrographs of liver tissues of: a normal rats fed with

control mustard oil; b normal rats fed with MCTM oil; c normal rats

fed with PUFAM oil; d hypercholesterolaemic rats fed with control

mustard oil; e hypercholesterolaemic rats fed with MCTM oil;

f hypercholesterolaemic rats fed with PUFAM oil
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Thus, in conclusion, we can say that the consumption of

MCTM and PUFAM oils can improve the haematological

and histological conditions which were disturbed by

hypercholesterolaemia.
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Abstract This study was conducted to determine whether

saponified evening primrose oil (sap-EPO) has the potential

for use as a whitening agent and to investigate its under-

lying mechanisms of action. In B16 melanoma cells, sap-

EPO dose-dependently inhibited isobutylmethylxanthine-

induced melanogenesis with no cytotoxicity. This decrease

in melanin production was correlated with reduced enzyme

activity and decreased mRNA and protein levels of tyros-

inase. The mRNA levels of tyrosinase-related proteins 1

and 2 decreased in response to treatment with sap-EPO,

indicating that it regulated tyrosinase at the transcriptional

level. Expression of microphthalmia-associated transcrip-

tion factor was also decreased by sap-EPO as evidenced by

decreased mRNA and protein levels. Additionally, topical

application of sap-EPO resulted in efficient whitening of

UVB-induced hyperpigmentation of human skin. Taken

together, these results suggest that sap-EPO has the

potential for use as a cosmetic whitening agent.

Keywords Saponification � Evening primrose oil �
Melanogenesis � B16 melanoma cells � Skin � UV

Abbreviations

DHICA 5,6-Dihydroxyindole-2-carboxylic acid

EPO Evening primrose oil

IBMX Isobutylmethylxanthine

MITF Microphthalmia-associated transcription factor

sap-EPO Saponified evening primrose oil

TRP Tyrosinase-related protein

Introduction

Melanin is a unique, pigmented biopolymer synthesized by

melanocytes that exist in the dermal-epidermal border of

the skin. Melanin production is an important defense

mechanism against sunlight; however, excessive melanin

production due to exposure to UV irradiation or chronic

inflammation causes hyperpigmentation of the skin, which

can result in melasma, lentigines, nevus, ephelis, freckles

or age spots [1]. Accordingly, it is of great interest to

develop an effective melanogenesis inhibitor for both

pharmaceutical and cosmetic purposes.

The tyrosinase gene family plays a pivotal role in the

regulation of melanogenesis [2]. This family consists of

tyrosinase, tyrosinase-related protein 1 (TRP-1) and

tyrosinase-related protein 2 (TRP-2) [1]. Tyrosinase is a

bifunctional enzyme that modulates melanin production by

catalyzing the hydroxylation of tyrosine to DOPA and then

catalyzing the oxidation of DOPA to DOPAquinone [3].

TRP-2, which functions as a DOPAchrome tautomerase,

catalyzes the rearrangement of DOPAchrome to 5,6-dihy-

droxyindole-2-carboxylic acid [4], while TRP-1 oxidizes

dihydroxyindole-2-carboxylic acid to a carboxylated

indole-quinone [5].

J.-H. Koo � I. Lee � B.-H. Park (&) � J.-W. Park (&)

Department of Biochemistry, Medical School and Diabetes

Research Center, Chonbuk National University, Jeonju,

Jeonbuk 561-756, Korea

e-mail: bhpark@chonbuk.ac.kr

J.-W. Park

e-mail: jinwoo@chonbuk.ac.kr

S.-K. Yun � H.-U. Kim

Department of Dermatology, Medical School and Diabetes

Research Center, Chonbuk National University, Jeonju,

Jeonbuk 561-756, Korea

123

Lipids (2010) 45:401–407

DOI 10.1007/s11745-010-3405-4



A number of skin whitening agents have been devel-

oped, but these often produce unwanted side effects such as

local irritation, contact dermatitis, ochronosis, atrophy and

skin cancer [6]. Therefore, it is necessary to find safer

therapeutic agents that are still effective. The use of natural

products for this purpose has recently been the focus of

much attention. For example, arbutin, which is obtained

from the leaves of the bearberry plant, is known to inhibit

tyrosinase activity [7]. Additionally, kojic acid, which is a

hydrophilic fungal derivative obtained from Aspergillus

and Penicillium species, is the most popular agent

employed in Asia for the treatment of melasma [6, 8].

Moreover, aleosin, licorice extract, ascorbic acid and soy

proteins have been used to interrupt the process of mela-

nogenesis [6]. We also recently reported that xanthohumol,

scoparone and Angelica gigas extract exerted a potent

inhibitory effect against melanogenesis in B16 melanoma

cells [9–11]. During screening for new skin-whitening

agents from natural sources, we found that the saponifica-

tion product of evening primrose oil (sap-EPO) effectively

whitened skin that had been subjected to UV-induced

hyperpigmentation. Therefore, in this study, we investi-

gated the inhibitory mechanism of sap-EPO against

isobutylmethylxanthine (IBMX)-induced melanogenesis in

B16 melanoma cells.

Experimental Procedures

Cells and Materials

The B16/F10 murine melanoma cell line was obtained

from the Korean Cell Line Bank (Seoul, Korea). Cells were

cultured in DMEM containing 10% fetal bovine serum, 100

U/ml penicillin, 0.1 mg/ml streptomycin and 0.25 lg/ml

amphotericin B at 37 �C in a humidified atmosphere

composed of 95% air and 5% CO2. Drug treatment began

24 h after seeding, and the cells were harvested after

2 days of incubation. IBMX was obtained from Sigma (St.

Louis, MO, USA) and evening primrose oil (EPO) was

obtained from Dalim Biotech (Evoprim�, Seoul, Korea).

Saponification of Evening Primrose Oil

One gram of EPO was mixed with 0.5 ml of 2.5 N KOH in

ethanol, after which saponification was conducted at 80 �C

for 30 min. After saponification, the pH of the solution was

adjusted to 7.4.

MTT Assay

The viability of cultured cells was determined by reduction

of MTT to formazan. Cells were seeded in 96-well plates

and cultured for 24 h. After drug treatment, MTT (5 mg/ml

in PBS, 100 ll) was added to each well. Cells were incu-

bated at 37 �C for 30 min and dimethyl sulfoxide (100 ll)

was added to dissolve the formazan crystals. The absor-

bance was measured at 570 nm with a spectrophotometer

(Spectra MAX PLUS; Molecular Devices, Sunnyvale, CA,

USA).

Melanin Content Measurement

The melanin content of the cultured B16 cells was mea-

sured as previously described [11]. Briefly, the cells were

washed twice with PBS and lysed with 20 mM Tris-0.1%

Triton X-100 (pH 7.5). Cell lysates were precipitated with

the same amount of 20% trichloroacetic acid. After

washing twice with 10% trichloroacetic acid, the pellets

were treated with ethyl alcohol:diethyl ether (3:1) and

diethyl ether successively. Samples were air-dried, dis-

solved in 1 ml 0.85 M KOH, and boiled for 15 min. After

cooling, the absorbance was measured with a spectropho-

tometer at 440 nm. The amount of cellular melanin was

corrected according to the protein content of the samples.

The protein content was determined using Bradford’s assay

[12].

Tyrosinase Activity Assay

Tyrosinase activity was assayed based on the DOPA oxi-

dase activity using the method described by Lerch [13],

with some modification. Briefly, the cell lysate was

obtained after washing the cells twice with PBS. The

tyrosinase activity was analyzed spectrophotometrically

following the oxidation of DOPA to DOPAchrome at

475 nm. A reaction mixture containing 100 ll of freshly

prepared substrate solution (0.1% L-DOPA in 0.1 M

sodium phosphate, pH 6.0) and 50 ll of enzyme solution

was incubated at 37 �C. The change in absorbance was

measured during the first ten minutes of the reaction, while

the increase in the absorbance was linear, during which

time corrections for the auto-oxidation of L-DOPA in the

controls were made. The tyrosinase activity was corrected

according to the protein content of the samples and is

presented as a percentage relative to the IBMX-treated

control cells.

Western Blotting

Cells were homogenized in ice-cold lysis buffer. Homog-

enates containing 10 lg of protein were separated by SDS-

PAGE with a 10% resolving and 3% acrylamide stacking

gel and transferred to a nitrocellulose membrane in a

Western blot apparatus run at 100 V for 1.5 h. The nitro-

cellulose membrane was blocked with 2% bovine serum
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albumin and then incubated overnight with 1 lg/ml goat

anti-murine tyrosinase or anti-N-terminus of micro-

phthalmia-associated transcription factor (MITF) IgG

(Santa-Cruz Biochemicals, Santa-Cruz, CA, USA). The

binding of antibody was detected with anti-goat IgG con-

jugated to horseradish peroxidase (Sigma). Immunoblots

were developed using an Enhanced Chemiluminescence

Plus kit (Amersham Biosciences, Buckinghamshire, UK).

RNA Isolation and Real-Time RT-PCR

Total cellular RNA was prepared using Trizol solution

(Invitrogen, Paisley, UK) according to the manufacturer’s

instructions. RNA was then precipitated with isopropanol

and dissolved in diethylpyrocarbonate-treated distilled

water. First-strand cDNA was generated with the oligo dT-

adaptor primers by reverse transcriptase (TaKaRa, Japan).

Specific primers (Table 1) were designed using primer

express software (Applied Biosynthesis, Foster City, CA,

USA). GAPDH was used as the invariant control. The real-

time PCR reaction (10 ll) contained 10 ng of reverse

transcribed RNA, 200 nM each of forward and reverse

primers, and a PCR master mixture. The reaction was

performed in 384-well plates using the ABI Prism 7900HT

sequence detection system (Applied Biosystems). All

reactions were conducted in triplicate.

UVB-Induced Hyperpigmentation

UVB-induced hyperpigmentation was elicited on the skin

of the upper arm of three healthy men in their 40s or 50s.

Three separate areas (2 cm 9 2 cm) on the inside skin of

each upper arm were exposed to 400 mJ/cm2 UVB radia-

tion (Aurora UV-Light, Choyang Medics, Seongnam,

Korea) five times a week for one week, which was suffi-

cient for substantial hyperpigmentation to be achieved in

each individual. Sap-EPO application was started 14 days

after the initial UVB exposure. The sample was topically

applied daily to the three hyperpigmented areas on the

same arm twice a day for two successive months. The

hyperpigmented areas on the other arm were left untreated

as a control. The degree of pigmentation and erythema was

assessed once every other week from the beginning of

sample application using a Mexameter (CK, Mexameter,

MPA 9, Courage, Khazaka, Germany). The whitening

effect was presented as the difference in the melanogenic

index (MI) from the initial sample application day.

Informed written consents were obtained from all partici-

pants, and the measurements were performed in accordance

to the Declaration of Helsinki.

Statistical Analysis

Data were analyzed using ANOVA and the Newman-Keuls

test. A p \ 0.05 was considered to indicate statistical

significance.

Results

Inhibition of Melanin Synthesis by sap-EPO

To clarify the whitening mechanism of sap-EPO, we

examined its effect on IBMX-induced melanogenesis in

B16 melanoma cells. When B16 cells were incubated with

IBMX, the cell suspension turned black, indicating

increased cellular melanogenesis. EPO itself did not affect

melanin production by B16 cells, while sap-EPO led to a

dose-dependent decrease in the IBMX-induced black color

(Fig. 1a). The cell viability determined by the MTT assay

was not affected by EPO or sap-EPO at any of the con-

centrations tested (data not shown). We quantified the

melanin content and observed that even 12.5 lg/ml of sap-

EPO inhibited melanin production significantly (Fig. 1b).

At concentrations of 100 lg/ml, cells were still viable and

the cellular melanin content decreased to 12.8 ± 1.8% of

the control.

Table 1 Gene accession

numbers and primer sequences

used in real-time RT-PCR

FOR forward, REV reverse

Gene Sequences for primers Accession No.

Tyrosinase FOR: TTGCCACTTCATGTCATCATAGAATATT NM011661

REV: TTTATCAAAGGTGTGACTGCTATACAAAT

TRP-1 FOR: ATGCGGTCTTTGACGAATGG NM031202

REV: CGTTTTCCAACGGGAAGGT

TRP-2 FOR: CTCAGAGCTCGGGCTCAGTT X63349

REV: TGTTCAGCACGCCATCCA

MITF FOR: CGCCTGATCTGGTGAATCG NM008601

REV: CCTGGCTGCAGTTCTCAAGAA

GAPDH FOR: CGTCCCGTAGACAAAATGGT NM008084

REV: TTGATGGCAACAATCTCCAC
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Inhibition of Tyrosinase Activity by sap-EPO

Saponified EPO led to a dose-dependent decrease in

cellular tyrosinase activity (Fig. 2), which is the rate-

limiting step in melanin biosynthesis, and this decrease

occurred in parallel to the decrease in melanin content

(Fig. 1). However, the direct addition of sap-EPO to the

reaction mixture did not impact the tyrosinase activity

(data not shown), indicating that the decrease in tyrosi-

nase activity by sap-EPO is not due to inhibition of the

tyrosinase activity.

Downregulation of the Expressions of Tyrosinase

and Related Genes by sap-EPO

To determine the tyrosinase expression levels of cells

treated with sap-EPO, we conducted Western blot and real-

time PCR analysis. IBMX treatment increased the

expression of tyrosinase protein, and this induction was

inhibited by sap-EPO in a dose-dependent manner

(Fig. 3a). Sap-EPO also decreased the IBMX-induced

tyrosinase mRNA levels (Fig. 4). These findings indicate

that sap-EPO inhibits tyrosinase at the transcriptional level.

Furthermore, saponified EPO decreased the IBMX-induced

mRNA expression of TRP-1, TRP-2 and MITF (Fig. 4).

Decreased protein level of MITF was confirmed by

Western blotting (Fig. 3b).

Whitening Effect of sap-EPO on UVB-Induced

Hyperpigmentation of Human Skin

The whitening effect of sap-EPO was evaluated on UVB-

induced hyperpigmented human skin. At two weeks after

the initial UVB irradiation of the inside skin of the upper

arm, substantial hyperpigmentation and resolving of ery-

thema was observed at the UVB irradiated sites, and top-

ical application of sap-EPO was started. Sap-EPO was

topically applied to the hyperpigmented areas two times a

day for 2 months. A visible reduction in skin pigmentation

Fig. 2 Effect of saponified oils on cellular tyrosinase activity. B16

cells (5 9 106 cells) were treated with the indicated concentrations of

sap-EPO in the presence of 0.1 mM IBMX for 2 days. Tyrosinase

activity in the cellular lysates was determined as described in the

‘‘Experimental Procedures’’. Data are expressed as a percentage of the

IBMX-treated controls and are presented as the mean ± SEM of three

separate experiments. **p \ 0.01 versus the IBMX-treated control

Fig. 3 Effect of saponified oils on tyrosinase and MITF protein

expression. B16 cells (5 9 106 cells) were treated with the indicated

concentrations of sap-EPO in the presence or absence of 0.1 mM

IBMX for 2 days. Tyrosinase (a) and MITF (b) proteins were then

analyzed by Western blotting. Experiments were conducted three

times with similar results, and a typical trial is presented. a Lane 1,

control; lane 2, 0.1 mM IBMX; lane 3–5, 0.1 mM IBMX with 12.5

(lane 3), 25 (lane 4) 50 (lane 5) and 100 lg/ml (lane 6) sap-EPO. b
Lane 1, control; lane 2, IBMX; lane 3, IBMX with 50 lg/ml sap-EPO

Fig. 1 Effect of EPO or sap-EPO on the melanin content of B16

melanoma cells. B16 cells (5 9 106 cells/well) were incubated with

the indicated concentrations of EPO or sap-EPO in the presence of

0.1 mM IBMX for 2 days. A representative photograph is shown (a).

Melanin contents were determined as described in the ‘‘Experimental

Procedures’’ (b). Data are expressed as a percentage of the IBMX-

treated controls and are presented as the mean ± SEM of three

separate experiments. **p \ 0.01 versus the IBMX-treated control
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was observed at eight weeks after the sap-EPO treatment

was started when compared to control sites on the other

arm of the same person (Fig. 5a). Additionally, the degree

of skin pigmentation was measured using a Mexameter

before the start and throughout the treatment period to

allow objective determination of the treatment effects.

Significant differences in the melanogenic index were

observed from four weeks after the initial UVB exposure

through the end of the experiment (Fig. 5b). No erythema

was observed during the sap-EPO treatment.

Discussion

We conducted this study to determine if the saponified

product of EPO can be used as a whitening cosmetic agent.

To accomplish this, we evaluated the whitening effect of

sap-EPO on UVB-induced hyperpigmented skin and

IBMX-treated B16 melanoma cells.

Skin whitening compounds suppress melanogenesis in

B16 melanoma cells in various ways including through

cytotoxic effects on melanocytes, direct tyrosinase inhibi-

tion, and melanin biosynthesis inhibition. No cytotoxicity

was observed in response to treatment with sap-EPO at the

effective concentrations. Arbutin and kojic acid are known

to inhibit melanogenesis by directly inhibiting tyrosinase,

which is the first and rate-limiting enzyme involved in the

production of melanin from tyrosine [6, 7]. We incubated

sap-EPO with cellular tyrosinase and found that sap-EPO

did not inhibit tyrosinase activity directly. Therefore, we

focused on the effect of sap-EPO on the melanin biosyn-

thetic pathway in melanocytes.

IBMX increases cellular cAMP by inhibiting the cAMP-

degrading enzyme, phosphodiesterase [14]. Protein kinase

A (PKA) phosphorylates and activates the cAMP response

element binding protein that binds to the cAMP response

element in the M promoter of the MITF gene [15, 16]. In

humans, mutations affecting the MITF pathway lead to

pigmentary and auditory defects that are known collectively

Fig. 4 Effect of saponified oils

on the mRNA expressions of

melanogenesis-related genes.

B16 cells (5 9 106 cells) were

treated with 0.1 mM IBMX for

2 days in the presence or

absence of 50 lg/ml sap-EPO.

Total RNA was extracted and

the mRNA expression was

analyzed by real-time RT-PCR.

Data are expressed as the

mean ± SEM of three separate

experiments. *p \ 0.05,

**p \ 0.01 versus IBMX

Fig. 5 Effect of sap-EPO on UVB-induced skin hyperpigmentation.

UVB-induced hyperpigmentation was elicited on three separate areas

on the inside skin of both upper arms. Two weeks after initial UV

exposure, sap-EPO was topically applied to the hyperpigmented skin

two times a day for eight weeks. Representative photographs are

shown (a). The degree of pigmentation was assessed and the

whitening effect of sap-EPO was presented as the difference in

melanogenic index (MI) from that of the day of the initial sample

application (b). *p \ 0.05, **p \ 0.01 versus the vehicle-treated

control
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as Waardenburg syndrome [17]. The increase in MITF-M

expression induces the upregulation of members of the

tyrosinase gene family, resulting in increased melanin

synthesis [17, 18]. In this study, we showed that sap-EPO

blocked the IBMX-induced increase in melanogenesis and

significantly decreased the expression of MITF mRNA and

protein. This decrease was mirrored by reductions in the

expression levels of tyrosinase, TRP-1 and TRP-2 mRNAs.

Taken together, these results suggest that sap-EPO inhibits

the melanogenic process at the transcriptional level. How-

ever, Ando et al. [22] reported that unsaturated fatty acid

increased the proteolytic degradation of tyrosinase without

altering the mRNA level. This discrepancy might be

accounted for by the distinct cell state: we here used IBMX-

stimulated melanoma cells, whereas they used the unstim-

ulated melanocytes. A similar inhibitory effect of sap-EPO

was observed when B16 cells were treated with a-melano-

cyte stimulating hormone or forskolin, an activator of

adenylate cyclase [18] (data not shown), suggesting that

sap-EPO inhibits the melanogenesis by affecting the cAMP-

dependent pathway, at least in the stimulated state.

The topical application of sap-EPO effectively whitened

the UV-induced hyperpigmented skin. Skin color is deter-

mined by melanin biosynthesis in melanocytes and the

subsequent transfer of melanin to neighboring keratino-

cytes [19]. Therefore, whitening of the skin color can be

achieved by inhibiting either the pathway by which mela-

nin is synthesized in the melanocytes or the pathway

responsible for the transfer of melanin to the surrounding

keratinocytes. Even though we did not investigate the

interaction between keratinocytes and melanocytes with

regard to melanogenesis, our in vitro data suggest that the

skin-whitening effect of sap-EPO was due to the suppres-

sion of melanin biosynthesis in the melanocytes.

EPO is the oil from the seed of the evening primrose

(Oenothera biennis) plant and is one of the most commonly

used herbal medications. The primary uses of evening

primrose oil are for atopic dermatitis, mastalgia and lac-

tation. Other potential uses include diabetic neuropathy,

premenstrual syndrome, rheumatoid arthritis, seborrhea

and fortification of infant formula [20]. Evening primrose

seeds contain about 14% fixed oil, the fatty acid of which is

composed of approximately 65–75% linoleic acid, 7–10%

c-linolenic acid, 9% oleic acid and some palmitic and

stearic acids [20, 21]. It has been reported that linoleic and

linolenic acid decrease melanin synthesis and tyrosinase

activity, while saturated fatty acids increase melanogenesis

[22, 23]. Linoleic acid has also been shown to increase the

turnover of the stratum corneum [23]. Thus, the high pro-

portions of unsaturated fatty acids in EPO may underlie the

anti-melanogenic effect. Saponification is the hydrolysis of

an ester under basic conditions to form an alcohol and the

salt of a carboxylic acid. When the oil was reacted with

metallic alkali, free fatty acid was released and forms soap.

The effectiveness of only the saponified form of EPO

indicates that the release of free form fatty acids is a pre-

requisite for its inhibitory action. Even though our skin

experiment on the whitening effect of sap-EPO is pre-

liminary and should be repeated using a larger number of

participants, the results presented here combined with those

of previous human studies conducted using purified linoleic

acid [24, 25] are promising.

Sap-EPO effectively reduced melanogenesis in B16

melanoma cells and decreased pigmentation of UV exposed

skin. Our findings are of great interest because EPO is

already a component of the human diet and therefore likely

to be relatively safe when used over long periods of time.

Indeed, EPO and sap-EPO never induced erythema during

this experiment. In conclusion, we demonstrated that sap-

EPO exerts a pigment-whitening effect by inhibiting the

expression of tyrosinase and related enzymes; therefore, we

suggest that this effect may be related to the high propor-

tions of linoleic acid released by saponification from EPO.
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Abstract Dietary supplements of olive oil (OO) or fish

oil (FO) during the first (G1: day 1–60) or second half of

gestation (G2: day 60 to term, day 115) were offered to

pregnant sows. The proportion of fatty acids in milk and

plasma were determined by gas chromatography. When

supplements were given during G1, the proportions of oleic

acid (OA) and arachidonic acid (AA) in the plasma were

higher in the OO group than in the FO group, whereas

docosahexaenoic acid (DHA) was higher in the latter group

at day 56 of gestation. These differences in plasma DHA

were still apparent at day 7 of lactation. Similarly, DHA

was also higher in the colostrum and milk on days 3 and 21

of lactation and in the plasma of piglets from FO dams

compared to the OO group, whereas AA was lower. When

the FO supplement was given during G2, AA was lower

and DHA higher in the plasma at day 105 of gestation and

at day 7 of lactation compared with the OO group. Like-

wise, DHA was greater in FO than in OO animals during

lactation in colostrum and in milk on days 3 and 21 of

lactation, and in 3-day old suckling piglets plasma, whereas

AA was lower in these animals. Thus, maternal adipose

tissue plays an important role in the storage of dietary long-

chain polyunsaturated fatty acids (LCPUFA) during G1.

They are mobilized around parturition for milk synthesis,

and an excess of dietary n-3 LCPUFA decreases the

availability of AA in suckling newborns.

Keywords Pregnancy � Lactation � Pigs � Diet �
Fatty acids � Adipose tissue

Abbreviations

OO Olive oil

FO Fish oil

G1 and G2 First and second half of gestation,

respectively, used for the experimental diets

DHA Docosahexaenoic acid

AA Arachidonic acid

EFA Essential fatty acids

LCPUFA Long-chain polyunsaturated fatty acids

LA Linoleic acid

ALA a-linolenic acid

LPL Lipoprotein lipase

VLDL Very low density lipoproteins

Introduction

The dietary essential fatty acids (EFA), linoleic acid (LA,

18:2 n-6) and a-linolenic acid (ALA, 18:3 n-3) and their

long-chain polyunsaturated derivatives (LCPUFA) are

essential for the formation of new tissues during fetal and

postnatal development. The presence of high proportions of

certain LCPUFA in vital organs such as the central nervous

system of the developing neonate emphasizes their

importance [1]. In addition, AA and eicosapentaenoic acid

(EPA, 20:5 n-3) are precursors of eicosanoids affecting a

variety of biological functions, including immunity [2, 3].
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In humans, the conversion of EFA into LCPUFA is rela-

tively slow [1], and this is especially so in the fetus and

neonate in as much as the rate of conversion is unable to

support optimal growth and development if LCPUFA

deficiency occurs [4–6]. During intrauterine life the fetal

supply of both EFA and LCPUFA depends on their con-

centration in maternal circulation as well as on their pla-

cental transfer. In suckling newborns the availability of

fatty acids depends on their profile in milk, which is

influenced by those ingested by their lactating mother [7].

Moreover, the fatty acids profile of newborn piglets has

been shown to be affected by the fatty acids ingested by the

mother at different times during pregnancy and lactation

[8–10].

During the first half of gestation enhanced lipoprotein

lipase (LPL) activity in adipose tissue [11, 12] contribute to

the accumulation of fat depots in the mother. Through such

augmented LPL activity in adipose tissue, dietary derived

LCPUFA transported as triacylglycerols in chylomicrons

and very low density lipoproteins (VLDL) are hydrolyzed

and the released fatty acids are taken up for storage in the

subjacent tissue. During the last third of pregnancy the

situation drastically changes; LPL activity in adipose tissue

decreases [13, 14], which together with an enhanced lipo-

lytic activity [15, 16] results in the net accelerated break-

down of fat depots. Conversely, the reverse situation occurs

in the mammary gland [13] with an increase in LPL

activity around parturition, which remains during lactation

[17, 18]. Thus, throughout this process, dietary fatty acids

in plasma triacylglycerols, mainly carried in chylomicrons

and VLDL, can be transported to the mammary gland

where they can be used for milk synthesis. Moreover,

studies using stable isotopes in lactating women have

shown that diet-derived LCPUFA account for about 30% of

fat milk [19] and in the late pregnant rat receiving orally

labelled triacylglycerols, it has been found that dietary

lipids actively contribute to lipid uptake by the mammary

gland [20].

On the basis of these antecedents, we hypothesize that

diet-derived LCPUFA during early pregnancy are stored in

maternal adipose tissue and released into the circulation

around parturition. Once converted into their esterified

form by the liver and returned to blood, they are taken up

by the mammary gland for milk synthesis, thus becoming

available to the suckling newborn. The role of dietary fatty

acids during either early pregnancy or late pregnancy on

milk composition has not yet been fully established. Due to

the similarities in the fatty acid metabolism in human and

pigs [21] and in order to test our hypothesis, this study

aimed to determine the consequences of modifying the

fatty acid composition of sows’ diets, using dietary sup-

plements with olive oil (OO) or fish oil (FO), during the

first or the second half of gestation on the fatty acid profiles

of maternal plasma and milk during lactation and in plasma

of suckling neonates. The present study is a continuation of

previous ones using the same treatment protocol in preg-

nant sows where it was found that with the exception of a

slightly improved growth performance in offspring of FO

fed sows, no difference was found in reproductive perfor-

mance between the two groups [22–25].

Methods

Animals and Diets

All animals used in this study were maintained at the Pig

Research and Development Unit, Imperial College,

London. Experimental procedures were carried out

according to the regulations of the Animals (Scientific

Procedures) Act, 1986 and were licensed by the Home

Office (UK). At all stages of life, animals were kept

according to the guidelines set out by the Department for

Environment Food and Rural Affairs (DEFRA 2003).

Multiparous sows of the same commercial genotype

(25% Meishan; 12.5% Duroc; 62.5% Large White 9

Landrace) were selected for study after the previous litter

had been weaned and prior to insemination. All sows were

artificially inseminated with pooled Large White semen

(P17 2006, JSR Genetics). Sows were categorized by parity

before being randomly assigned to one of four dietary

treatment groups, to ensure that parity was balanced across

treatments. Pregnant sows were offered 3 kg/day of the

standard diet (ABN HE sow pellets; 13.1 MJ/kg

ME; 12.7% protein; 4.5% fat; ABN, Peterborough,

Cambridgeshire, UK) plus 10% extra energy derived from

either OO (n = 8) or FO (n = 8) offered during either the

first half of gestation (G1: i.e. day 1 of gestation, assuming

day of service to be day 0) and continued until day 60 of

gestation or the second half of gestation (G2: i.e. day 60 of

gestation) and continued until term (&day 115). The fatty

acid profiles of the different diets can be seen in Table 1.

After parturition sows were offered 6–9 kg of a lactation

diet (ABN supreme lactation pellets; 14.1 MJ/kg ME; 18%

protein; 7.2% oil; ABN, Peterborough, Cambridgeshire,

UK: Table 1).

Sample Collection

Sow blood samples were collected from the jugular vein on

days -5, 56, 105, 115 of gestation and day 7 postpartum

and piglet blood samples were collected from the external

jugular vein at days 3 and 21 of lactation. Blood was

always collected in Na2-EDTA blood tubes (Teklab, UK)

and after centrifugation for 15 min at 1,6009g, plasma

aliquots were stored at -20 �C until analysis.
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Colostrum samples were collected on the day of partu-

rition, within 4 h of the first piglet being born. Milk sam-

ples were collected on days 3, 7 and 21 of lactation

following intra-muscular administration of 2 mL oxytocin

(10 i.u./mL; NVS, UK). Immediately after its collection,

aliquots of milk were frozen at -80 �C until analysis.

Sample Analyses

Lipids were extracted and purified in chloroform:methanol

(2:1) [26] in the diets, plasma, colostrum and milk samples.

Total lipid extracts were saponified and the fatty acids methy-

lated following the method of Lepage and Roy [27, 28]. Fatty

acid methyl esters were separated on a 30 m 9 0.25 mm

Omegawax capillary column (Supelco, Bellefonte, PA,

USA) and quantified using a PerkinElmer gas chromato-

graph (Autosystem; Norwalk, CT, USA) with a hydrogen

flame ionization detector. Nitrogen was used as a carrier gas,

and the fatty acid methyl esters were compared with purified

standards (Sigma Chemical Co., St. Louis, MO, USA).

Statistical Analyses

Data are expressed as means ± SE. Statistical differences

between groups were determined by ANOVA, and Tukey’s

test was used when differences were statistically significant

(p \ 0.05) by using SPSS 15.0 for Windows, Differences

between two groups were analyzed by Student’s t test.

Results

G1 sows were in positive energy balance during the first

half of gestation as their backfat thickness increased over

this period (OO 4 ± 1: FO 5 ± 1 mm). However, they

were in negative energy balance during the last half of

gestation because despite a significant increase in body

weight (OO 30 ± 3: FO 29 ± 3 kg) there was little change

in their backfat thickness (1 ± 1 mm). G2 sows were not

in negative energy balance at any time throughout the

study, as shown by their body weight and backfat thickness

increase during the first (OO 21 ± 4, FO 24 ± 3 kg and

OO 1 ± 1, FO 3 ± 1 mm, respectively), and the second

half of gestation (OO 36 ± 3, FO 36 ± 3 kg an OO 4 ± 1,

FO 5 ± 1 mm, respectively). This is what it was expected

since during the second half of gestation the dietary intake

of the G2 sows was above their energy requirements for

this stage of pregnancy.

Basal values of plasma fatty acid profiles 5 days before

pregnancy or just at the time of starting the corresponding

dietary treatments did not differ between the groups (data

not shown). When sows received the OO or FO dietary

supplements during G1, neither the sum of total saturated

fatty acids (12:0, 14:0, 16:0 plus 18:0) nor the sum of n-6

PUFAs (18:2 and 20:4) in maternal plasma differed

between the two groups, at either day 56 of gestation or at

day 7 of lactation (Table 2). However, the sum of the

plasma monounsaturated fatty acids (16:1 n-7 and 18:1

n-9) at day 56 of gestation was higher in G1 OO sows

compared to G1 FO mothers with this difference disap-

pearing by day 7 of lactation. The sum of the n-3 PUFAs

(18:3 n-3, 20:5 n-3 and 22:6 n-3) appeared higher in G1

FO, particularly at day 56 of pregnancy. When considering

the longitudinal changes of the most characteristic fatty

acids in plasma of the G1 sows (Fig. 1a), it is seen that

oleic acid (OA) increased during the phase that sows were

receiving the OO supplement (day 56 of gestation) whereas

it decreased in those supplemented with FO, although this

Table 1 Fatty acid composition

of the diets

Values correspond to the mean

of three separate samples

processed independently

n.d. Not detected

Olive oil (OO) diet Fish oil (FO) diet Standard diet Lactation diet

Fatty acids (g/100 g fatty acids)

14:0 0.43 2.35 0.53 0.85

16:0 16.37 16.33 18.24 20.42

18:0 3.11 2.79 3.14 5.23

16:1 (n-7) 0.77 3.28 0.32 0.25

18:1 (n-9) 46.59 19.50 20.00 32.78

18:2 (n-6) 27.17 32.24 50.2 34.84

18:3 (n-6) 0.01 0.03 n.d. n.d.

18:3 (n-3) 2.3 3.48 4.75 3.97

20:1 (n-9) 0.67 4.12 0.66 0.36

20:4 (n-6) 0.02 0.25 n.d. 0.01

20:5 (n-3) 1.00 4.34 0.35 0.31

22:1 (n-9) 0.25 4.16 0.38 n.d.

22:5 (n-3) 0.14 1.22 n.d. n.d.

22:6 (n-3) 0.35 4.73 0.21 0.08
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difference was no longer apparent on day 7 of lactation

(Fig. 1a). As expected, the proportion of AA in plasma was

similar between the two groups in basal samples (day 0),

but concentrations declined by day 56 in the G1 FO sows

and only returned to values that did not differ from basal

levels by day 7 of lactation (Fig. 1a). The proportion of

DHA in plasma increased from basal levels at day 56 in the

sows fed the FO supplemented diet and remained elevated

at day 7 of lactation (Fig. 1a), despite these animals not

received FO supplement from day 60 of gestation onwards.

The proportion of saturated fatty acids in colostrum and

milk did not differ between the two G1 groups at any of the

time points studied (Table 3). In contrast, monounsaturated

fatty acids were higher in both colostrum and milk at day 3

of lactation in G1 OO compared to G1 FO sows, whereas

the proportion of n-6 PUFA in colostrum and of n-3 PUFA

in milk of day 3 were lower in the former group, with no

other differences observed between the two groups in these

variables (Table 3). On further examination of these

aforementioned differences, OA appeared higher in both

colostrum and milk of 3 days in G1 OO sows than in G1

FO, whereas no differences were found in AA but DHA

was higher in either colostrum or milk in the sows that

received the FO supplement as compared to the G1 OO

group (Fig. 1b).

As expected, plasma obtained from suckling piglets also

reflected those changes observed in FA milk composition

(Table 4); at day 3 of lactation, piglets from G1 OO dams

exhibited a higher proportion of monounsaturated fatty

acids and a lower proportion of n-3 PUFAs than those of

the FO group, whereas these differences disappeared at day

21 of lactation. These changes in piglets born to G1 sows

corresponded to a lower proportion of OA in their plasma

at day 3 of lactation, a significant decrease in AA at both

day 3 and 21 of lactation, and an increase in DHA at day 3

(Fig. 1c).

Differences were also shown when pregnant sows

received the supplements during G2. Amounts of saturated

fatty acids in sow plasma at day 105 of gestation were

similar between the G2 OO and G2 FO groups, whereas

both monounsaturated and n-6 PUFAs were higher and n-3

PUFA were lower in the former group (Table 2). At day 7

of lactation, the proportion of saturated fatty acids and of

n-3 PUFAs in plasma were lower in the G2 OO group than

in G2 FO, whereas the proportions of monounsaturated

fatty acids and n-6 PUFA were higher. In the case of the

G2 OO sows such differences corresponded to an increase

in plasma OA at day 105 of pregnancy and day 7 of lac-

tation (Fig. 2a). Whereas in G2 FO mothers there was a

decline in the proportion of AA at day 105 of gestation,

values had recovered by day 7 of lactation; there was also

an increase in the proportion of DHA at both day 105 of

gestation and 7 of lactation.

Despite these changes observed in maternal plasma,

with the exception of a higher proportion of n-3 PUFA in

G2 FO compared to G2 OO sows, corresponding to an

increase in DHA at day 3 and day 21 of lactation (Fig. 2b),

and an increase in EPA in colostrum and milk at 3 days of

lactation (data not shown), neither of the other studied fatty

acids differed between G2 FO and G2 OO in colostrum or

mature milk (Table 3).

In the plasma of piglets born to G2 OO sows as com-

pared to G2 FO sows the proportion of monounsaturated

fatty acids was higher, whilst n-3 PUFAs were lower at day

Table 2 Fatty acid composition of maternal plasma in sows receiving the olive oil or fish oil supplemented diet during the first or the second half

of pregnancy (g/100 g fatty acids)

Olive oil diet Fish oil diet Olive oil diet Fish oil (FO) diet

Maternal sows receiving a supplemented diet during the first half of gestation (G1)

Day 56 of gestation Day 7 of lactation

Saturated FA 25.2 ± 2.8 27.8 ± 1.7 35.1 ± 1.3 30.7 ± 1.6

Monounsaturated FA 31.5 ± 2.1 20.6 ± 0.4*** 22.8 ± 1.3 21.8 ± 1.5

n-6 PUFA 39.1 ± 0.8 37.5 ± 1.9 37.5 ± 0.3 39.7 ± 1.2

n-3 PUFA 3.9 ± 0.4 15.8 ± 1.7*** 4.4 ± 0.7 7.8 ± 0.6**

Maternal sows receiving a supplemented diet during the second half of gestation (G2)

Day 105 of gestation Day 7 of lactation

Saturated FA 28.6 ± 0.8 30.2 ± 1.5 30.1 ± 1.2 35.8 ± 1.7*

Monounsaturated FA 29.5 ± 1.3 20.9 ± 0.5*** 23.5 ± 1.1 20.7 ± 0.2*

n-6 PUFA 38.4 ± 1.2 31.6 ± 0.7** 41.9 ± 1.7 35.5 ± 1.3*

n-3 PUFA 3.4 ± 0.3 17.2 ± 1.4*** 4.4 ± 0.7 7.8 ± 0.8*

Values correspond to means ± SE of five dams per group

Student’s t test comparisons between the two groups within the same day are shown by asterisks: * p \ 0.05, ** p \ 0.01, *** p \ 0.001
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3 of lactation, with these differences disappearing by day

21 of lactation (Table 4). In the case of the G2 OO piglets

the difference in the monounsaturated fatty acids seen at

day 3 corresponded to higher OA (Fig. 2c), whereas the

differences in n-3 PUFA corresponded to a higher pro-

portion of DHA in those of the FO group. Additionally,

these same animals exhibited a lower proportion of AA in

plasma at day 3, but at day 21 of lactation plasma AA did

not differ between the two groups (Fig. 2c). This finding

differs from that commented above for the maintenance of

decreased plasma AA values up to 21 days of age in G1 FO

piglets when compared to those of G1 OO.

Discussion

These results in pregnant and lactating sows show for the

first time that fatty acid composition during either the first

half or the second half of gestation greatly influence the

fatty acid profile of maternal plasma during lactation, of

colostrum and mature milk and even of suckling piglets’

plasma. Furthermore, they show that suckling piglets of

mothers receiving a FO supplement compared to those

receiving an OO supplement have a decreased proportion

of AA in the plasma, with the effect being more pro-

nounced and lasting longer (until day 21 of lactation) in
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Fig. 1 Proportions of oleic, arachidonic and docosahexaenoic acids

in maternal plasma, colostrum and milk and piglets plasma from sows

fed either olive oil supplemented diet or fish oil supplemented diet

during the first half of gestation. (% = g/100 g fatty acid). Student’s t
test was used to compare values between olive oil and fish oil groups

within the same day and are shown by asterisks: *p \ 0.05,

**p \ 0.01, ***p \ 0.001. Tukey’s test was used to determine

differences between different time points after one-way ANOVA and

shown by small letters in the olive oil group and by capital letters in

the fish oil group (different letters indicating statistically significant

differences, p \ 0.05)
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those piglets of sows receiving the supplemented diet

during G1 compared to G2. Since AA was practically

absent in the maternal diet, these findings may be due to

altered endogenous synthesis of this fatty acid. Although it

is well established that the essential fatty acid composition

of human colostrum and milk is dependent on adipose

tissue stores during lactation [29, 30] present findings

support the notion that fat depots normally accumulated

during pregnancy, and more specifically during its anabolic

stage (i.e., its first half) [31, 32] constitute an important

source of LCPUFA for milk synthesis during lactation.

These results agree with the known effective influence of

dietary PUFA enhancing the proportion of n-3 fatty acids

of fat tissue in pigs [33, 34].

Dietary Supplement During the First Half of Gestation

Present findings clearly show that diet supplement with

either OO or FO during G1 modify the fatty acid profile of

plasma not only at the end of the dietary treatment period

but during lactation, as well as the FA composition of both

the colostrum and mature milk. This is especially high-

lighted by the increase of DHA found in G1 FO sows; it is

speculated that such changes must be originally caused by

its high presence in this oil. In fact, although a-linolenic

acid (ALA) can be converted into DHA, from studies in

humans it is known that the conversion is low, especially

when the absolute amount of ALA in the diet is low [35],

as it was the case in our animals, which ALA in the diet

Table 3 Fatty acid composition of colostrum and milk of lactating sows that received dietary olive oil or fish oil supplements during the first or

the second half of gestation (g/100 g fatty acids)

Colostrum Milk, 3 days of lactation Milk, 21 days o f lactation

Olive oil diet Fish oil diet Olive oil diet Fish oil diet Olive oil diet Fish oil diet

Sows receiving a supplemented diet during the first half of gestation (G1)

Saturated FA 29.9 ± 1.0 29.3 ± 0.9 30.9 ± 0.9 33.7 ± 1.0 39.1 ± 1.1 40.1 ± 1.3

Monounsaturated FA 39.4 ± 1.8 33.7 ± 0.8* 47.0 ± 0.8 42.6 ± 0.9** 40.0 ± 1.0 38.7 ± 0.8

n-6 PUFA 27.1 ± 1.6 32.7 ± 0.5* 18.9 ± 0.9 19.0 ± 1.0 17.7 ± 0.7 17.7 ± 0.6

n-3 PUFA 3.4 ± 0.6 3.9 ± 0.5 2.4 ± 0.2 4.0 ± 0.4** 2.7 ± 0.1 3.0 ± 0.2

Sows receiving a supplemented diet during the second half of gestation (G2)

Saturated FA 29.5 ± 1.0 29.0 ± 0.8 33.4 ± 1.4 32.0 ± 1.2 40.8 ± 1.1 38.7 ± 1.6

Monounsaturated FA 37.2 ± 3.0 38.9 ± 0.9 45.2 ± 1.3 43.1 ± 1.6 37.8 ± 1.2 38.9 ± 1.2

n-6 PUFA 29.0 ± 2.2 28.3 ± 1.2 18.1 ± 0.9 17.9 ± 2.0 17.4 ± 0.5 18.6 ± 0.6

n-3 PUFA 2.8 ± 0.3 3.4 ± 0.1 2.5 ± 0.2 4.3 ± 0.4*** 3.1 ± 0.4 3.3 ± 0.3

Values correspond to means ± SE of (5–8) dams per group

Student’s t test comparisons between the two groups within the same day are shown by asterisks: * p \ 0.05, ** p \ 0.01, *** p \ 0.001

Table 4 Fatty acid composition of plasma of piglets from sows receiving either a dietary olive oil or a fish oil supplement during the first or the

second half of pregnancy (g/100 g fatty acids)

Day 3 lactation Day 21 lactation

Olive oil diet Fish oil diet Olive oil diet Fish oil diet

Sows receiving a supplemented diet during the first half of gestation (G1)

Saturated FA 36.3 ± 0.9 38.6 ± 1.3 39.7 ± 1.0 42.4 ± 1.2

Monounsaturated FA 33.0 ± 1.0 29.2 ± 0.8* 21.2 ± 0.6 21.8 ± 0.4

n-6 PUFA 28.9 ± 1.0 29.7 ± 1.7 35.7 ± 1.2 32.2 ± 1.3

n-3 PUFA 1.8 ± 0.1 2.5 ± 0.2** 3.3 ± 0.3 3.7 ± 0.1

Sows receiving a supplemented diet during the second half of gestation (G2)

Saturated FA 37.9 ± 1.0 38.0 ± 0.8 41.4 ± 1.1 40.8 ± 1.8

Monounsaturated FA 32.6 ± 1.7 27.7 ± 0.7* 25.0 ± 0.9 24.2 ± 1.2

n-6 PUFA 27.4 ± 2.2 29.6 ± 0.6 28.7 ± 1.3 31.4 ± 1.2

n-3 PUFA 2.1 ± 0.3 4.7 ± 0.4*** 2.6 ± 0.43 3.5 ± 0.3

Values correspond to means ± SE of 6–7 dams per group

Student’s t test comparisons between the two groups within the same day are shown by asterisks: * p \ 0.05, ** p \ 0.01, *** p \ 0.001
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was practically absent. Our explanation for this increase in

DHA in both lactating sow plasma and in milk, more than

50 days after dietary supplementation had ceased, is that

DHA was accumulated in adipose tissue during the first

half of gestation, when the animals were receiving the fish

oil supplement, and subsequently released around

parturition.

In sows, when energy intake is adequate, during gesta-

tion there is an increase in body fatness [36], the effect

being particularly striking during the first half of gestation

[37]. Besides, studies in humans and in rats, have revealed

that the mother is in an anabolic condition during the first

half of pregnancy as result of enhanced plasma insulin

levels [38, 39] and insulin sensitivity [32, 40, 41], and this

justifies the augmented LPL activity found in adipose tis-

sue in the rat at mid pregnancy [12, 42]. Thus, circulating

LCPUFA transported in their esterified form associated to

triacylglycerol-rich lipoproteins [11, 31, 43] are hydro-

lyzed by the LPL activity present in capillary endothelium

of adipose tissue and released fatty acids are taken up by

the subjacent tissue to be reesterified for storage. Indeed,

under non-pregnant conditions it has been shown that in

human adipose tissue the relative mobilization rate of DHA

is lower than of other LCPUFA [44], and in the rat fed FO
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Fig. 2 Proportions of oleic, arachidonic and docosahexaenoic acids

in maternal plasma, colostrum and milk and piglets plasma from sows

fed either an olive oil supplemented diet or a fish oil supplemented

diet during the second half of gestation. (% = g/100 g fatty acid).

Student’s t test was used to compare values between olive oil and fish

oil groups within the same day and are shown by asterisks: *p \ 0.05,

**p \ 0.01, ***p \ 0.001. Tukey’s test was used to determine

differences between different time points after one-way ANOVA and

shown by small letters in the olive oil group and by capital letters in

the fish oil group (different letters indicating statistically significant

differences, p \ 0.05)
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diet it has been demonstrated that this fatty acid is retained

in adipose tissue during late pregnancy at a higher pro-

portion that any other LCPUFA [45]. It is, therefore, pro-

posed that DHA after being taken up and stored in adipose

tissue during the first half of pregnancy is mobilized during

late pregnancy and the first days of lactation, when lipo-

lytic activity is highly enhanced [17, 46, 47], becoming

available to the mammary gland for milk synthesis. This

proposal fits with the high proportion of DHA seen in the

plasma at day 7 of lactation and in colostrum and milk at

days 3 and 21 of lactation in sows on the diet supplemented

with FO during G1.

The highest proportion of DHA in plasma seen in G1 FO

sows during the last days of their treatment was associated

with a decreased proportion of AA. As AA was practically

absent in the diet, plasma AA must come from endogenous

synthesis, and such a decline in AA could be therefore

interpreted as an inhibition of this pathway as a result of the

well-known inhibitory effect of DHA on the D6 desaturase

[48, 49], which is a key enzyme for AA synthesis from its

essential fatty acid precursor, linoleic acid. Since AA does

not differ in colostrum or milk of sows that received the FO

or OO supplement, probably due to the fact that mammary

gland AA synthesis from linoleic acid is low [50], a similar

reasoning could be applied to the decreased proportion of

AA consistently seen in the plasma of piglets of sows

receiving a FO-supplemented diet during G1. The aug-

mented proportion of DHA present in colostrum and

mature milk would allow a higher availability of this fatty

acid to the suckling piglets’ liver, where the most active

synthesis of AA takes place, thereby inhibiting this path-

way. Moreover, AA synthesis has been shown to be

effective in term and preterm infants [4, 51–53] and fetal

baboons [54], and we propose that it is also active in our

suckling piglets, with this pathway being inhibited at early

lactation in those animals born to G1 FO sows as a con-

sequence of their enhanced availability of DHA.

Dietary Treatment During the Second Half of Gestation

The effects of fatty acid dietary supplementation during the

second half of gestation found here agree with and amplify

those previously reported. The influence of dietary fatty

acids during lactation on milk fatty acid composition has

been well recognized in humans [19, 55, 56] and has been

associated to the fatty acid composition in maternal adipose

tissue [29, 30]. Dietary fatty acids during pregnancy in rats

have been shown to determine their proportion in maternal

adipose tissue [45, 57, 58], and feeding tuna oil in sows

during late pregnancy is known to affect fatty acid com-

position in newborn piglet tissues and plasma [8, 59].

During the last third of gestation the mother is in a net

catabolic condition, where breakdown of fat depots is

increased and maternal hyperlipidemia develops [32]; cir-

culating PUFAs coming from either the diet or released

from adipose tissue are mainly transported in their esteri-

fied form associated to different lipoproteins [31, 43].

Around parturition there is an induction of LPL activity in

the mammary gland [13], which drive circulating triglyc-

eride-rich lipoproteins to mammary gland [20] for their

hydrolysis and tissue uptake of the hydrolytic products,

actively contributing to the disappearance of such maternal

hyperlipidemia and to the onset of milk synthesis. Since

both mammary gland LPL and adipose tissue lipolytic

activity remain augmented during lactation, it is not sur-

prising that LCPUFA present in maternal adipose tissue

could affect maternal plasma and milk fatty acid compo-

sition for a certain period of time, independently of the diet

composition at that particular time. This was seen in the

current study as the proportion of n-3 fatty acids, and more

specifically of DHA in plasma and milk at 7 and 21 days

after parturition, respectively, were higher in lactating sows

that were fed the FO supplemented diet during G2 com-

pared to those receiving an OO supplemented diet.

It is worth commenting that the OO supplemented diet

only increased the proportion of OA in maternal plasma

during the experimental period. This is probably a conse-

quence of the active D9 desaturase normally present in the

adult liver and in the mammary gland during lactation [60,

61], which facilitates an active OA synthesis. Its proportion

in lactating sows plasma and in colostrum or mature milk

becomes independent of what the sows were fed during the

G2. Here again, special attention should be paid to the AA

values. The absence of this fatty acid in any of the diets

forces the endogenous synthesis from its main source lin-

oleic acid. As commented above, the inhibitory action of

DHA and EPA on the D6 desaturase seems to be respon-

sible for the low proportion of AA shown in maternal

plasma of sows fed with a diet supplemented with FO as

well as in plasma of their piglets at day 3 of suckling.

Conclusion

Although further studies are needed to establish the effi-

cacy of the various feeding strategies to provide n-3

LCPUFA for foetal and infant development and growth,

the present findings allow us to reach the following

conclusions.

The maternal dietary fatty acid composition, specifically

during the first half of gestation, influences the fatty acid

composition in the milk of lactating sows and in the plasma

of newborn piglets in a manner similar to the influence of

maternal dietary fatty acid composition during the second

half of gestation. This indicates an important role of

maternal adipose tissue as a store of dietary LCPUFA,
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especially DHA, during the anabolic stage of gestation,

which are mobilized around parturition and early lactation

to be used for milk synthesis, making them available to the

suckling newborn. Also, an excess of dietary n-3 LCPUFA,

like DHA and EPA caused by a FO supplement during

pregnancy, decreases the availability of AA in suckling

newborns.
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Abstract In this work, we have used electron paramag-

netic resonance (EPR) spectroscopy of the small spin label

di-tert-butyl nitroxide (DTBN), which partitions the

aqueous and hydrocarbon phases, to study the interaction

of the terpenes a-terpineol, 1,8-cineole, L(-)-carvone and

(?)-limonene with the uppermost skin layer, the stratum

corneum, and the membrane models of 1,2-dipalmitoyl-sn-

glycero-3-phosphatidylcholine (DPPC) and 1,2-dimyri-

stoyl-sn-glycero-3-phosphocholine (DMPC). The EPR

spectra indicated that the terpenes increase both the parti-

tion coefficient and the rotational correlation time of the

spin labels in the stratum corneum membranes, whereas

similar effects were observed in the DMPC and DPPC

bilayers only at temperatures below the liquid-crystalline

phase. The EPR parameter associated to probe polarity

inside the membranes showed thermotropically induced

changes, suggesting relocations of spin probe, which were

dependent on the membrane phases. While the DMPC and

DPPC bilayers showed abrupt changes in the partitioning

and rotational correlation time parameters in the phase

transitions, the SC membranes were characterized by slight

changes in the total range of measured temperatures, pre-

senting the greatest changes or membranes reorganizations

in the temperature range of *50 to *74 �C. The results

suggest that terpenes act as spacers, weakening the

hydrogen-bonded network at the polar interface and thus

fluidizing the stratum corneum lipids.

Keywords Stratum corneum � EPR � Spin label �
Lipid dynamics � Terpene

Abbreviations

SC Stratum corneum

DMPC 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

DPPC 1,2-Dipalmitoyl-sn-glycero-3-

phosphatidylcholine

DTBN Di-tert-butyl nitroxide

EPR Electron paramagnetic resonance

Introduction

The major limitation of implementing transdermal drug

delivery systems is the generally low permeability of the

drug across the skin. Several approaches have been

implemented to facilitate drug transport through the skin.

One important approach is the use of chemical penetra-

tion enhancers, which ideally reduce the resistance of the

physical barrier of the SC safely and reversibly to

enhance the drug’s delivery through the skin. In partic-

ular, terpenes have been reported as permeation

enhancers of several polar and non-polar drugs and many

terpenes, including 1,8-cineole, menthol and a-terpineol,

are claimed to be generally recognized as safe (GRAS)

materials. The interactions of terpenes with the SC are of

interest to understand how small amphiphilic molecules

may enhance skin permeability. It is generally accepted

that penetration enhancers may increase the permeability

of a drug mainly by affecting the intercellular lipids of

the SC via extraction or fluidization [1] and/or by

increasing the partitioning of the drug in the SC
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membranes [2]. However, very few studies have focused

on mechanisms of permeation enhancement by terpenes

in SC. The most commonly used techniques are Fourier

transform infrared spectrophotometry (FTIR) and differ-

ential scanning calorimetry (DSC) [3–5] and small-angle

X-ray diffraction [5].

Electron paramagnetic resonance (EPR) of spin labels

has been employed to obtain information on the molec-

ular dynamics of SC membranes [6–12] and SC proteins

[13–16] in the intact tissue. The EPR spectra of spin-

labeled stearic acids in SC membranes were able to

distinguish two main environments for the probe distri-

bution into the membranes. In a previous study [9], the

origin of these two spectral components was interpreted

based on the ability of spin labels to participate in

intermolecular hydrogen bonding within the membrane.

The more motionally restricted component was assigned

to a class of spin probe hydrogen bonded to the polar

head groups (more rigid structure) and the more mobi-

lized component was attributed to the spin labels tem-

porarily non-hydrogen-bonded to the polar interface and

more deeply inserted in the hydrophobic core. Recently,

the effect of the terpenes L-menthol and 1,8-cineole on

the SC lipid dynamics was examined in detail [10, 11].

The presence of 1% terpenes (w/w) in the solvent

drastically increased the lipid fluidity, especially by

transferring the spin probes from a more to a less

motionally restricted spectral component into the mem-

branes. Furthermore, these two terpenes increased the

rotational diffusion rates only of spin probes from the

more mobilized component.

In a more recent work, we used the small water-soluble

spin label TEMPO, which partitions between the bilayer

and aqueous phase, to examine the interactions of terpenes

with the SC membranes [12]. Since the partitioning of a

substance in a membrane correlates with the drug’s

absorption [17] and is an essential step in diffusion [18],

this spin probe may be used to mimic drugs and thus to

investigate the mechanisms of terpenes as accelerants of

permeation in the SC. This spin probe was sensitive to the

phase transitions of SC membranes and showed that, in

essence, terpenes increase the molecular mobility and

partitioning in SC membranes at much lower concentra-

tions than those generally used for these terpenes as skin

penetration enhancers. In the present study, the spin label

DTBN, also of low molecular weight (145 g) but with

higher molecular dynamics and considerably better EPR

spectral resolution than that of TEMPO, was used seeking

to obtain more detailed information about the influence of

terpenes on SC membranes and bilayer models of DMPC

and DPPC, particularly on the major probe’s localization

within these membranes.

Materials and Methods

Preparation of SC Membranes

SC membranes of neonatal Wistar rats less than 24 h old

were prepared as described previously [10–12]. After the

animal was killed, its skin was excised and fat removed by

rubbing in distilled water. The skin was allowed to stand

for 5 min in a desiccator containing 0.5 L of anhydrous

ammonium hydroxide, after which it was floated in dis-

tilled water for 2 h with the internal side in contact with the

water. The external side was placed in contact with a filter

paper and the SC sheet was carefully separated from the

remaining epidermis. Subsequently, the SC was transferred

to a Teflon-coated screen, washed with distilled water and

allowed to dry at room temperature. The membranes were

stored with 1 L of silica gel in a desiccator under a mod-

erate vacuum.

Spin Labeling and Treatment of SC

In order to prevent nitroxide reductions, the sulfhydryl

groups of the SC tissue were blocked by incubating the SC

membranes in a solution of 50 mM N-ethyl maleimide

(Sigma Chem. Co., St. Louis, MO, USA) for about 15 h.

The SC membranes were dried again and an intact portion

of SC (3 mg) was then rehydrated and incubated for

90 min in 45 lL of acetate-buffered saline (10 mM ace-

tate, 150 mM NaCl and 1 mM EDTA, pH 5.5) plus 5 lL of

ethanol containing the corresponding terpene concentration

(Acros Organics, Geel, Belgium). After this incubation,

0.2 mM spin label DTBN (Fig. 1) purchased from Sigma

Chem. Co. (St. Louis, MO, USA) was added and the intact

SC membrane was then introduced into a 1-mm ID capil-

lary for EPR measurements. The excess solvent was

removed and the capillary was flame-sealed. The molecular

structures of spin label DTBN and of terpenes used in this

work are shown in Fig. 1.

Preparation of Lipid Dispersions

DPPC or DMPC, purchased from Avanti (Alabaster, AL),

was dissolved in a mixture of chloroform:methanol (2:1)

and dried under a nitrogen stream. The residual solvent was

removed by vacuum-drying the tube overnight. In the

hydration step to form multilamellar vesicles, the samples

were incubated in PBS (10 mM phosphate, 150 mM NaCl

and 1 mM EDTA, pH 7.2) for about 5 min at 50 �C and

subsequently vortexed several times. 2 lL of 10 mM

DTBN and 1.5 lL terpene in ethanol solution (about 33%,

v/v, depending on the density of the terpene) were added to

each sample containing 3 mg DPPC or DMPC membranes
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in 40 lL PBS. The suspension was vortexed again and

transferred to a capillary, which was then flame-sealed.

EPR Spectroscopy

EPR spectroscopy was carried out with a Bruker ESP 300

spectrometer (Bruker, Rheinstetten, Germany) equipped

with an ER 4102 ST resonator and a Bruker temperature

controller. The instrumental settings were: microwave

power of 2 mW; modulation frequency of 100 kHz; mod-

ulation amplitude of 0.25 G; magnetic field scan of 100 G;

sweep time of 168 s; and detector time constant of 41 ms.

The capillary containing the sample was introduced into a

3-mm ID quartz tube together with a fine-wire thermo-

couple to monitor the sample’s temperature. EPR spectra

simulations were performed using the software EPRSIM

(version 4.99) [19, 20]. This program allows a single

spectrum to be fitted with two components having different

mobility and magnetic tensor parameters. For each spectral

component, the program provides the relative population

and the associated rotational motion of the probe, through

the parameter rotational correlation time, sc. The magnetic

tensor values used for the simulation were gxx = 2.0099,

gyy = 2.0061, and gzz = 2.0024 for the g-tensor, and

Axx = 5.3 G, Ayy = 7.0 G, and Azz = 35.0 G for the

A-tensor [21]. In the limit of fast motion, where the

motional narrowing approximation is valid, the sc is

described as follows [22]:

sc ¼
ffiffiffi
3
p

gisob
2h

DHð0Þ
ðC � BÞ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1ð0Þ

1ð�1Þ

s" #

ð1Þ

where giso = 1/3(gxx ? gyy ? gzz) is the isotropic g-factor,

b is the Bohr magneton, h is Planck’s constant, H is

the external magnetic field, DH(0) is the central line

peak-to-peak linewidth, and I(0) and I(-1) are the

intensities of central and high field resonance lines,

respectively. Parameters B and C are derived in terms of

the g- and A-tensor anisotropies through the following

expressions:

B ¼ �16bH

45h
Azz � Axxð Þ gzz �

1

2
ðgxx þ gyyÞ

� �

; ð2Þ

and

C ¼ 2p2

9
Azz � Axxð Þ2: ð3Þ

These magnetic interaction tensors A and g were linearly

corrected using the fitting program with polarity correction

factors on the trace of hyperfine coupling tensor A and the

spin-magnetic field coupling tensor g, denoted by

parameters pA and pg, respectively. The EPR signal

corresponding to the interaction electron-spin nuclear

C-13 spin coupling is present in the EPR spectra of DTBN

(satellite lines); in the program, a magnitude of 5.6 G with

abundance of 0.0115% was assumed for this interaction.

Results

Analysis of EPR Spectra

The typical EPR spectrum of spin probe DTBN (Fig. 1)

in membrane is shown in Fig. 2. The spectrum is com-

posed of two spectral components, H (Fig. 2c) and P

(Fig. 2d), which are provided by the spin-label fractions

dissolved in the hydrophobic and polar environments,

respectively. Figure 2b shows the same experimental EPR

spectrum (line) and its best-fit spectrum (open circles),

which is the sum of the components H (spectrum c) and P

(spectrum d). The fitting program was able to simulate the

lateral satellite lines originating from the electron-spin

nuclear C-13 spin coupling. The experimental (line) and

best-fit (open circles) EPR spectra of DTBN in DMPC,

DPPC and SC membranes are shown in Fig. 3 for three

temperatures, where is possible to observe that the rela-

tive population of component H increased by raising the

temperature.

Partition Coefficient of DTBN between

the Hydrocarbon and Polar Phases

According to the solubility-diffusion mechanism, the

permeability coefficient, P, of a molecule crossing a

bilayer membrane is generally related to the partition

coefficient in the bilayer, K, the diffusion constant across

it, D, and the bilayer thickness, Dx, by the following

equation [23]:

O

H3C

CH3H3C

CH2

CH3

O

CH3

H

H3C
C

CH3

CH2

H3C
H3C OH

CH3

N

O

CH3

CH3

CH3

CH3

CH3

CH3

Fig. 1 Chemical structures of terpenes and spin label DTBN used in

this work
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P ¼ KD=Dx: ð4Þ

The diffusion coefficient is defined as:

D ¼ kBT=6pgr; ð5Þ

where kBT is the thermal energy, g is the membrane

viscosity, and r is the molecular radius. The partition

coefficient is the equilibrium ratio of the solute

concentration in the bilayer, cH, and in aqueous

concentration, cP. K can be determined if the relative

volumes of membrane and solvent in the sample are

known.

K¼cH=cp: ð6Þ

or

K ¼ ðNH=VmembraneÞ=ðNp=VsolventÞ; ð7Þ

where NH and NP are the relative spin-label populations in

the hydrophobic and polar environments, respectively, that

are provided by the fitting program. The relative

membrane-solvent volumes for the two systems were

estimated taking into account the volume of sample in the

capillary tube (about 20 lL) and the weight before and

after drying the sample; the water content in the samples

(w/w) was on average 22% for DPPC or DMPC and 65%

for SC. It was considered that the SC has 16% lipids (w/w)

relative to dry tissue [24].

The standard Gibbs free energy change required to

transfer a molecule from an aqueous to a hydrocarbon

phase, DG�, can be calculated based on the partition

coefficient, as follows [25, 26]:

DG� ¼ �RT ln K; ð8Þ

or

ln K ¼ �DH�=RT þ DS�=R; ð9Þ

where R is the gas constant, T is the absolute temperature,

DH� is the standard enthalpy change for transferring the

permeating molecules from solvent to the interior of the

membrane, and DS� is the associated entropic change.

The thermodynamic parameters can be obtained from a

van’t Hoff plot of ln K versus 1/T, as shown in Fig. 4.

This type of plot is suitable for analyzing phase transi-

tions, since the slope coefficient of each curve yields

DH�/R. The phase transitions observed for DPPC bilayers

are well known [27, 28]: the transition at *34 �C cor-

responds to the gel structure (Lb0)-ripple structure (Pb0)

phase transition, called pre-transition, and the transition at

*42 �C corresponds to a ripple structure (Pb0)-fluid

bilayer structure (La) phase transition. In DMPC, these

phase transitions occur at *13 �C (Lb0–Pb0) and 23 �C

(Pb0–La) [27]. In the presence of terpenes, it appears that

only the phase transition (Pb0–La) is still present and that

the transition temperatures are about 8 �C lower. Com-

pared to phospholipid bilayers, SC membranes are char-

acterized by phase transitions with minor changes within

a temperature range whose highest slope lies between

*50 and *74 �C. DMPC and DPPC membranes were

not affected by terpenes in the liquid-crystalline phase but

showed pronounced effects below the Pb0–La phase tran-

sition. In contrast, the SC samples presented increases of

DTBN partitioning caused by terpenes in the entire tem-

perature interval.

Molecular Dynamics of DTBN into Hydrocarbon

and Aqueous Phases

Figure 5 shows the rotational correlation time parameter,

sc, of DTBN in DMPC, DPPC and SC plotted on a loga-

rithmic scale as a function of the reciprocal absolute tem-

perature. Panels A and B refer to spin labels in the

membrane and solvent, respectively. These well-known

Arrhenius plots allow us to calculate the apparent

d

c

0.009 ns

0.047 ns

P (24.4%)

H (75.6%)

b

a

Fig. 2 a EPR spectrum of DTBN in stratum corneum (pH 5.1,

50 �C); b the same spectrum (line) superimposed with its best-fit EPR

spectrum (open circles). The best-fit spectra were obtained with the

fitting program EPRSIM, using a simulation model of two spectral

components. The theoretical component H (spectrum c) refers to the

spin label fraction in the hydrophobic environment and the compo-

nent P (spectrum d) is generated by the spin probes in solvent. The

figure also indicates the fitting results: the percentage of spin label in

each component, NH and NP, and its respective rotational correlation

time, sc, in ns. The total scan range of the magnetic field was 50 G
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activation energy, Ea, of rotational motion in the regions of

linear dependence, using the following equation:

1=sc ¼ A expð�Ea=RTÞ; ð10Þ

where A is a pre-exponential factor and Ea is the energy

barrier that the spin probe must overcome to achieve higher

states of motion. The greater the slope in these plots the

higher the Ea values and the breaks in slopes indicate

possible phase transitions. The terpenes did not increase the

rotational motion of the spin probe in the fluid phase of

DMPC and DPPC bilayers, where the partition coefficients

were higher. Figure 5b shows that the sc parameter of spin

labels in SC aqueous phase increased with temperature,

suggesting that spin probes from the polar phase may

penetrate the region of the polar head groups.

Polarity Environments of DTBN into Hydrocarbon

and Aqueous Phases

The EPR parameter isotropic hyperfine coupling constant,

a0, is associated with the polarity of the solvent in which

the nitroxide radical is dissolved. To examine the pre-

dominant location of DTBN in the membranes and ascer-

tain if terpenes can alter this location, the parameter a0 of

the three systems under study was measured in the pres-

ence and absence of terpenes (Fig. 6). Polarity profiles

through membrane were determined in spin-labeled

glycerophospholipids with the DOXYL-nitroxide group at

position n in the sn-2 chain (n-PCSL) in DPPC membranes,

whose a0 values were 15.1 G for n = 4 and 14.5 G for

n = 16 [29]. The a0 values observed for DTBN in DMPC,

74
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t (oC)t (oC)t (oC)

Stratum CorneumDPPCDMPCFig. 3 Experimental (line) and

best-fit (open circles) EPR

spectra of DTBN in DMPC,

DPPC, and stratum corneum

membranes at several

temperatures. The total scan

range of the magnetic field was

50 G
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DPPC and SC membranes were in the range of 15.55–

15.85 G (Fig. 6). The a0 parameters were measured at

25 �C for the spin labels DTBN and DOXYL (5-DOXYL

stearic acid) in terpenes and other solvents, with varying

dielectric constants (data not shown) and the a0 values

found for DTBN were on average 1.0 higher than DOXYL.

Similar results were reported recently in a study comparing

the a0 values of several spin labels with those of DOXYL

class [30]. Thus, with the subtraction of 1.0 G from the a0

values presented in Fig. 6, the maximum value reached

would be 14.85 G, which corresponds to the mean value

between 14.5 (n = 16) and 15.1 (n = 4) observed for

DOXYL in the bilayers. Therefore, the a0 values of about

15.85 G observed above the main phase transition of

DMPC and DPPC (Fig. 6) is consistent with the DTBN

distributed throughout the membrane, while the value of

about 15.6 G found in the gel phases is compatible with the

probes located predominantly in the center of bilayer.

DMPC and DPPC in the presence of a-terpineol and

(?)-limonene presented polarity levels similar to those

above the main phase transition, whereas in the case of

L(-)-carvone and 1,8-cineole, such levels were only

observed above 6 �C for DMPC and above 26 �C for

DPPC. In contrast, in the SC samples, only a-terpineol

maintained the probe’s polarity at the highest level

observed and the other terpenes did not significantly

change the probe’s polarity. A particular characteristic of

a-terpineol is that it contains a hydrogen-bonding donor

group to form hydrogen-bonded nitroxide.

As can be observed in Fig. 6a, the polarity detected by the

spin labels in SC aqueous phase decreased with increasing

temperature, suggesting that the probes outside the mem-

brane may enter the membrane in the vicinities of the polar

groups and that the probability of this occurrence increases

with temperature. This behavior is also apparent for DPPC

and, in this case, seems to reflect the main bilayer phase

transition. The terpenes did not alter the solvent’s polarity.

Discussion

In the current study, the better EPR spectral resolution of

DTBN relative to that of TEMPO, used in previous work

[12], was explored to obtain additional information about
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were added at a terpene:lipid
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and DPPC and at 1% terpene
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the probe’s polarity. The EPR parameter a0, which is

sensitive to the environmental polarity of nitroxyl spin

labels, indicated that DTBN is distributed throughout the

membranes of DMPC and DPPC in the liquid-crystalline

phase and this also occurs in SC at higher temperatures

(*60–80 �C). At lower temperatures, however, the spin

label tends to concentrate in the central region of the

membranes. Interestingly, in the case of DMPC and DPPC

bilayers, the thermally induced relocation of DTBN into

the bilayer reflected their main phase transitions (Fig. 6).

Furthermore, the DTBN from aqueous phase should pen-

etrate the region of the polar head groups, as deduced from

the temperature-induced reduction of its environmental

polarity (Fig. 6), and the concomitant reduction of rota-

tional motion (Fig. 5b). The thermotropic behavior of the

partitioning and rotational motion of DTBN in SC mem-

branes presented here is in close agreement with the data

obtained by Fourier transform infrared spectroscopy

(FTIR) in a study of the thermotropic phase behaviors in

porcine SC and its extracted lipids. That study found a

more pronounced increase of msCH2 in the temperature

range of *60 to *80 �C, which was associated with alkyl

chain melting [31].

In this work, the EPR spectra were simulated using the

fitting program EPRSIM instead of the NLLS, which was

less suitable in the specific case of DTBN, especially due to

the presence of satellite lines in the spectra and the faster

rotational motion of this probe. Whereas the program

NLLS generates the parameter Log Rbar, whose value for

TEMPO in SC samples at 70 �C was 9.1 [12], the EPRSIM

generates sc, whose corresponding value for DTBN was

0.035 ns (Fig. 5a). Because the transformation is given by

Rbar = 1/6sc, the corresponding Log Rbar for DTBN will

be 9.7, which represents a greater rate of rotational diffu-

sion. Efforts were made to describe the phase transitions in

SC membranes through these probes. The increases in the

slopes observed in the curves of control samples plotted in

Figs. 4 and 5a, which were apparent in the temperature

range of *50 to *74 �C, were analyzed exhaustively. At

*50 �C, the change in slope was clear in all the experi-

ments, while the decrease in slope at *70 �C was the

result of an average, but was not clearly visible in all the

experiments. It is interesting to note that the rotational

correlation times of spin probe in the membranes (Fig. 5a)

also reflected their phase transitions and the terpenes’

effects further support the results observed for the partition

coefficient in Fig. 4. DSC experiments have identified four

phase transitions in neonatal rat SC (used in this work) at

about at 42 �C (T1), 55 �C (Tx), 70 �C (T2) and 78 �C (T3),

which have been attributed to lipid melting [4]. The two

major phase transitions in human SC occur at 72 �C (T2)

and 83 �C (T3), and the terpenes D-limonene and 1,8-cin-

eole have been found to reduce the temperatures of these

two transitions by about 20 �C [5]. Here, the phase tran-

sitions were not clearly defined in the presence of terpenes,

but in general, a reduction of at least 8 �C in the temper-

atures of the main phase transitions may be observed for

DMPC, DPPC and SC.

Attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR) has been used to study the

molecular organization of a model SC lipid system and, in

the presence of the terpenes 1,8-cineole and L-menthol,

alterations were detected in the amide-I frequencies, sug-

gesting that they disrupt the hydrogen-bonding network at

the membrane interface [32]. These results are in agree-

ment with those obtained by EPR spectroscopy of spin-

labeled analogs of stearic acid incorporated in SC mem-

branes, where 1% L-menthol or 1,8-cineole (w/v) caused a

dramatic increase in the membrane fluidity [10, 11]. The

authors’ interpretation of this finding was that terpenes

weaken the hydrogen-bonded network of the polar head

groups. In the present work, we studied one terpene

containing a hydrogen-bonding donor group (the alcohol

a-terpineol), two with hydrogen-bonding acceptor groups

(the ether 1,8-cineole and the ketone L(-)-carvone), and

one that does not have polar groups [the hydrocarbon
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(?)-limonene]. Although terpenes can, in principle,

weaken the hydrogen-bonding interactions at the mem-

brane–water interface, the results of the present work

suggest that the effects of terpenes on membranes do not

necessarily depend on direct competition for H-bonds with

the polar head groups, since the effects of (?)-limonene,

which does not form H-bonds, did not differ significantly

from that of the other terpenes.

In conclusion, using a small spin label to mimic a

drug, this study shows that, at a concentration of 1%

(w/v) in SC membranes, terpenes increase the partitioning

and rotational motion of the spin probe throughout the

temperature range measured. The action of terpenes on

ordered membranes is stronger, as in the case of SC, and

diminishes when the membrane is already disordered, like

DMPC and DPPC bilayers in the liquid-crystalline phase.

In comparison with the other two membrane systems, the

thermotropic behavior of SC membranes was character-

ized by phase transitions with minor changes, showing the

greatest thermally induced changes in the temperature

range of *50 to *74. Polarity measurements indicated a

throughout distribution of DTBN in the membranes at

higher temperatures and a major location in the center of

the membranes at lower temperatures (in the physiologi-

cal range of SC). In addition, the polarity measurements

also showed that a fraction of the spin probes outside the

membrane may penetrate the polar interface of the

membranes and that this fraction of probes gradually

increases with rising temperature. Terpenes are small

molecules that are able to penetrate the membrane and, at

higher concentrations, may effectively act as spacers,

increasing the membrane’s fluidity and weakening the

hydrogen-bonded network of the polar interface. This

process may facilitate the partition of small polar mole-

cules and, hence, their permeation through membranes.

Since the effects of different types of terpenes on the

membranes did not differ significantly, this work also

shows that, in practice, terpenes or combinations of

terpenes may be chosen in order to achieve permeation

enhancement effects at physiological temperatures with

minimal toxicity to the skin.
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Abstract Recently, we reported that administration of

Bifidobacteria resulted in increased concentrations of

eicosapentaenoic acid (EPA) and docosahexaenoic acid

(DHA) in murine adipose tissue [1]. The objective of this

study was to assess the impact of co-administration of

Bifidobacterium breve NCIMB 702258 and the substrate

for EPA, a-linolenic acid, on host fatty acid composition.

a-Linolenic acid-supplemented diets (1%, wt/wt) were fed

to mice (n = 8), with or without B. breve NCIMB 702258

(daily dose of 109 microorganisms) for 8 weeks. Two

further groups received either supplement of B. breve alone

or unsupplemented diet. Tissue fatty acid composition was

assessed by gas liquid chromatography. Dietary supple-

mentation of a-linolenic acid resulted in higher (P \ 0.05)

a-linolenic acid and EPA concentrations in liver and adi-

pose tissue and lower (P \ 0.05) arachidonic acid in liver,

adipose tissue and brain compared with mice that did not

receive a-linolenic acid. Supplementation with B. breve

NCIMB 702258 in combination with a-linolenic acid

resulted in elevated (P \ 0.05) liver EPA concentrations

compared with a-linolenic acid supplementation alone.

Furthermore, the former group had higher (P \ 0.05) DHA

in brain compared with the latter group. These results

suggest a role for interactions between fatty acids and

commensals in the gastrointestinal tract. This interaction

between administered microbes and fatty acids could result

in a highly effective nutritional approach to the therapy of a

variety of inflammatory and neurodegenerative conditions.

Keywords Omega-3 fatty acids � Eicosapentaenoic acid �
Docosahexaenoic acid � Bifidobacteria � Microbiota �
Probiotics

Abbreviations

ANOVA Analysis of variance

CFU Colony forming units

CLA Conjugated linoleic acid

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

FAME Fatty acid methyl esters

IBD Inflammatory bowel disease

IFN-c Interferon-c
MTP Microsomal triglyceride transfer protein

MRS de Man, Rogosa and Sharpe

PBS Phosphate buffered saline

PUFA Polyunsaturated fatty acids

PFGE Pulse-field gel electrophoresis

SDS Special diets services

SEM Standard error mean

TNF-a Tumor necrosis factor-a

Introduction

Mammals can produce all but two of the fatty acids they

require; thus linoleic acid (C18:2n-6, precursor of n-6
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series of fatty acids) and a-linolenic acid (C18:3n-3, pre-

cursor of n-3 series of fatty acids) are essential dietary fatty

acids. Although mammalian cells cannot synthesize these

fatty acids, they can metabolize them into more physio-

logically active compounds through a series of elongation

and desaturation reactions, in which linoleic acid is con-

verted to arachidonic acid (C20:4n-6) and a-linolenic acid

is metabolized to eicosapentaenoic acid (EPA) (C20:5n-3)

via the action of the enzymes D6 desaturase, D5 desaturase

and elongase [2]. The resulting highly unsaturated fatty

acid metabolites play essential roles in cell membrane

function, brain and nervous system development and

function, and through the production of eicosanoids

(thromboxanes, leukotrienes and prostaglandins) in the

inflammatory process [2]. Eicosanoids derived from ara-

chidonic acid, such as the 2-series prostaglandins and the

4-series leukotrienes are in general, regarded as being

proinflammatory in nature [3, 4], whereas the eicosanoids

derived from EPA, such as the 3-series prostaglandins and

the 5-series leukotrienes are considered less inflammatory

or even anti-inflammatory in nature [3–5]. Thus, by

increasing the ratio of n-3 to n-6 fatty acids in the diet, and

consequently favouring the production of EPA, the balance

of eicosanoids can be shifted in a less inflammatory

direction. EPA can be further metabolized to docosahexa-

enoic acid (DHA, C22:6n-3), which is one of the major n-3

polyunsaturated fatty acids (PUFA) in the brain. DHA is

required for fetal brain development and is held to be

critical in the newborn for appropriate development and

intelligence [6]. Studies have also shown that DHA pro-

vides support to learning and memory events in animal

models of Alzheimer’s disease [7] and brain injury [8].

The human gut is a diverse microbial ecosystem con-

taining about 100 trillion microorganisms, comprised of

more than 1,000 different species, whose collective gen-

ome, the microbiome, contains *100-fold more genes than

the entire human genome [9]. It has been well documented

that the enteric microbiota play an important role in the

health and well-being of the host, exerting effects on host

lipid metabolism and acting as an environmental factor that

contributes to development of obesity [10, 11]. In this

respect, recent studies suggest that symbiosis between the

microbiome and the host influences energy extraction from

the diet. In addition, the promotion of fat deposition and

influence on systemic inflammation have been proposed as

mechanisms by which the microbiome contribute to obes-

ity [12].

Little is known regarding the interplay between mem-

bers of the enteric microbiota and fatty acids. However,

some interactions between PUFAs and components of the

indigenous gut microbiota and some probiotics have been

reported, which might affect the biological roles of both.

Recent studies by our group and others have reported that

intestinal bacteria of human origin can convert linoleic and

linolenic acids to bioactive isomers of conjugated linoleic

acid (CLA) and conjugated a-linolenic acid, respectively

[13–15]. Some bacteria of marine origin are also known to

synthesise EPA and DHA de novo through the actions of

polyunsaturated fatty acid synthase genes, which results in

EPA and DHA being abundantly present in fish and fish oil

[16–19]. Furthermore, it has been shown that administra-

tion of probiotics (Lactobacillus rhamnosus GG and

Bifidobacterium animalis subsp. lactis Bb12) to pregnant

women had an affect on placental fatty acid composition

[20]. It has also been demonstrated that administration of

formula supplemented with different probiotics (B. ani-

malis subsp. lactis Bb12 and L. rhamnosus GG) to infants

resulted in changes in serum fatty acid composition [21].

We have recently shown that feeding different animal

species a CLA-producing Bifidobacterium of human origin

(B. breve NCIMB 702258), in combination with linoleic

acid as substrate, resulted in modulation of the fatty acid

composition of the host, including significantly elevated

concentrations of c9, t11 CLA in the liver. This study also

demonstrated that oral administration of B. breve NCIMB

702258 to mice resulted in significantly higher concentra-

tions of EPA and DHA in adipose tissue, coupled with

reductions in the proinflammatory cytokines tumor necrosis

factor-a (TNF-a) and interferon-c (IFN-c) [1]. The objec-

tive of this study was, therefore, to investigate the effects of

co-administration of B. breve NCIMB 702258 and the

substrate for EPA, a-linolenic acid, on fatty acid compo-

sition of different host tissues in mice.

Experimental Procedure

Preparation and Administration of B. breve NCIMB

702258

Rifampicin resistant variants of B. breve NCIMB 702258

were isolated by spread-plating *109 colony forming units

(CFU) from an overnight culture onto MRS agar (de Man,

Rogosa & Sharpe; Difco Laboratories, Detroit, MI, USA)

supplemented with 0.05% (wt/v) L-cysteine hydrochloride

(98% pure; Sigma Chemical Co., St. Louis, MO, USA)

(mMRS) containing 500 lg/ml rifampicin (Sigma Chemi-

cal Co., Poole, Dorset, UK). Following anaerobic incuba-

tion at 37 �C for 3 days, colonies were stocked in mMRS

broth containing 40% (v/v) glycerol and stored at -80 �C.

To confirm that the rifampicin resistant variant was iden-

tical to the parent strain, molecular fingerprinting using

pulse-field gel electrophoresis (PFGE) was employed.

Prior to freeze drying, B. breve NCIMB 702258 was

grown in mMRS by incubating overnight at 37 �C under

anaerobic conditions. The culture was washed twice in
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phosphate buffered saline (PBS) and then resuspended at a

concentration of *1 9 1010 cells/ml in 15% (wt/v) tre-

halose (Sigma) in dH2O. One millilitre aliquots were

freeze-dried using a 24 h programme (freeze temp.

-40 �C, condenser set point -60, vacuum set point

600 mTorr). Each mouse that received B. breve consumed

approximately 1 9 109 live microorganisms per day. This

was achieved by resuspending appropriate quantities of

freeze-dried powder in water which mice consumed

ad libitum. Mice that did not receive the bacterial strain

received placebo freeze-dried powder (15% wt/v trehalose

in dH2O).

Animals and Treatment

Female BALB/c mice were purchased from Harlan Ltd.

(Briester, Oxon, UK) at 8 weeks of age and were fed

ad libitum with standard non-purified CRM(P) diet (Special

Diets Services (SDS), Witham, Essex, UK) with free

access to water at all times. The diet contained the fol-

lowing nutrient composition (wt/wt): nitrogen free extract

(57.39%), crude protein (18.35%), moisture (10%), ash

(6.27%), crude fibre (4.23%) and crude oil (3.36%), which

consisted of saturated fatty acids: lauric acid (C12:0,

0.03%), myristic acid (C14:0, 0.14%), palmitic acid

(C16:0, 0.33%) and stearic acid (C18:0, 0.06%), monoun-

saturated fatty acids: myristoleic acid (C14:1, 0.02%),

palmitoleic acid (C16:1, 10%) and oleic acid (C18:1,

0.87%), polyunsaturated fatty acids: linoleic acid

(C18:2n-6, 0.96%), linolenic acid (C18:3n-3, 0.11%) and

arachidonic acid (C20:4n-6, 0.11%). Mice were maintained

at four per cage and kept in a controlled environment at

25 �C under a 12-h-light/12-h-dark cycle. All laboratory

animal experiments were performed according to

the guidelines for the care and use of laboratory animals

approved by the Department of Health and Children of the

Irish Government.

One week after arrival, the mice were divided into four

groups (A–D, n = 8) and subjected to the following dietary

treatments daily: Group A received standard nonpurified

CRM(P) diet supplemented with 1% a-linolenic acid

(C18:3n-3, wt/wt, triglyceride bound form, Larodan Fine

Chemicals AB, Malmo, Sweden) in combination with

approximately 1 9 109 live B. breve NCIMB 702258 per

mouse, Group B received standard non-purified CRM(P)

diet supplemented with 1% a-linolenic acid and placebo

freeze-dried powder, Group C received standard nonpuri-

fied CRM(P) diet and *1 9 109 live B. breve NCIMB

702258, Group D received standard nonpurified CRM(P)

diet and placebo freeze-dried powder. For a-linolenic acid

treatment, a powdered diet (milled standard non-purified

CRM(P) pellets) was blended with the a-linolenic acid to

yield a concentration of approximately 90 mg a-linolenic

acid per mouse per day (based on studies by Bassaganya-

Riera et al. [22] who reported an optimal intake of fatty

acids of 1 g/100 g per day). All prepared diets were stored

at -20 �C and fresh diets were provided twice weekly.

Following 8 weeks on experimental diets, the animals were

sacrificed by cervical dislocation. Liver, adipose tissue and

brain were removed from the carcasses, blotted dry on filter

paper, weighed and frozen in liquid nitrogen. All samples

were stored at -80 �C until processed.

Microbial Analysis

Fresh faecal samples were taken directly from the anus of

each mouse every second week for microbial analysis.

Large intestinal contents were also sampled at sacrifice for

enumeration of the administered B. breve strain. Microbial

analysis of B. breve NCIMB 702258 was performed by

pour plating onto mMRS agar supplemented with 100 lg

of mupirocin (Oxoid)/ml and 100 lg rifampicin (Sigma)/ml.

Agar plates were incubated anaerobically at 37 �C for 72 h.

Anaerobic environments were created using CO2 generat-

ing kits (Anaerocult A; Merck, Darmstadt, Germany) in

sealed gas jars.

Lipid Extraction and Fatty Acid Analysis

Lipids were extracted according to the method of O’Fallon

et al. [23]. Briefly, tissue samples were cut into 1.5-mm

rectangular strips and placed into a screw-cap Pyrex culture

tube together with 0.7 ml of 10 mol/l KOH in dH2O and

5.3 ml of MeOH. The tubes were incubated in a water bath

at 55 �C for 1.5 h with vigorous hand-shaking every

20 min. After cooling below room temperature, 0.58 ml of

12 mol/l of H2SO4 in dH2O was added. The tubes were

mixed by inversion and with precipitated K2SO4 present

incubated again at 55 �C for 1.5 h with hand-shaking every

20 min. Fatty acid methyl esters (FAME) were recovered

by addition of 3 ml hexane and vortex mixed and separated

by gas liquid chromatography (Varian 3400, Varian,

Walnut Creek, CA, USA fitted with a flame ionisation

detector) using a Chrompack CP Sil 88 column (Chrom-

pack, Middleton, The Netherlands, 100 m 9 0.25 mm i.d.,

0.20 lm film thickness) and He as the carrier gas. The

column oven was initially programmed at 80 �C for 8 min,

and increased at 8.5 �C/min to a final column temperature

of 200 �C. The injection volume was 0.6 ll, with auto-

matic sample injection on a SPI 1093 splitless on-column

temperature programmable injector. Data were recorded

and analysed on a Minichrom PC system (VG Data Sys-

tem, Manchester, UK). Peaks were identified with refer-

ence to retention times of fatty acids in a standard mixture.

All fatty acid results are shown as means ± standard error

means (SEM) g/100 g FAME.
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Statistical Analysis

Results in the text, tables and figures are presented as

means per group ± SEM. Data were analysed using anal-

ysis of variance (ANOVA) followed by Tukey’s post hoc

test using GraphPad InStat for Windows (GraphPad Soft-

ware, La Jolla, CA, USA) in order to assess if differences

between treatment groups (A–D) were significant. Proba-

bility values of P \ 0.05 were set as a threshold for

statistical significance.

Results

Microbial Analysis

The administered B. breve NCIMB 702258 was recovered

in faeces from all mice that received the strain, within

2 weeks of feeding, confirming gastrointestinal transit and

survival of the strain. Stool recovery of B. breve NCIMB

702258 was approximately 4 9 105 CFU/g faeces by week

8 of the trial in mice that received B. breve in combination

with a-linolenic acid (group A) and approximately

2.2 9 106 CFU/g faeces in mice that received B. breve

without a-linolenic acid (group C) (data not shown). The

B. breve strain was detected in large intestinal contents at

*4.6 9 105 CFU/g in mice that received B. breve and

a-linolenic acid (group A) and *1.4 9 106 CFU/g in mice

that received B. breve alone (group C). B. breve NCIMB

702258 was not isolated from any of the mice within group

B (administered a-linolenic acid alone) or group D

(unsupplemented).

Tissue Fatty Acid Composition

Oral administration of B. breve NCIMB 702258 and/or

a-linolenic acid (C18:3n-3) did not significantly influence

body weight throughout the trial period. Supplementation

of a-linolenic acid, either in combination with B. breve or

in the absence of the B. breve strain (group A and group B)

resulted in tenfold higher concentrations of a-linolenic acid

and EPA (C20:5n-3) in liver (P \ 0.05; Table 1) and adi-

pose tissue (P \ 0.05; Table 2) compared with groups that

did not receive the fatty acid supplement (group C and

group D). In addition, the a-linolenic acid supplemented

groups exhibited significantly higher concentrations of

docosapentaenoic acid (DPA, C22:5n-3) in liver (P \ 0.05;

Table 1) and adipose tissue (P \ 0.05; Table 2), signifi-

cantly higher concentrations of DHA (C22:6n-3) in liver

(P \ 0.05; Fig. 2) and significantly lower concentrations of

arachidonic acid (C20:4n-6) in liver (P \ 0.05; Table 1),

adipose tissue (P \ 0.05, Table 2) and brain (P \ 0.05,

Table 3) compared with groups that did not receive fatty

acid supplementation (group C and group D). The arachi-

donic acid/EPA ratios in liver and adipose tissue were

approximately 30-fold and 20-fold lower, respectively, in

the a-linolenic acid supplemented groups (group A and B)

compared with unsupplemented controls (group D)

(P \ 0.05). In addition, the n-6/n-3 ratio was significantly

lower in all tissues except the brain of animals supple-

mented with a-linolenic acid (group A and B) (P \ 0.05;

Table 1 and 2).

Administration of B. breve in combination with a-lino-

lenic acid resulted in significant changes in the fatty acid

composition of host liver and brain in comparison to ani-

mals that were administered a-linolenic acid alone. Mice

that received B. breve in combination with a-linolenic acid

(group A) exhibited on average, 23% more EPA (C20:5n-

3) and 20% more dihomo-c-linolenic acid (C20:3n-6) in

the liver compared with the group that was administered

a-linolenic acid alone (group B) (P \ 0.05; Fig. 1; Table 1).

Group A also exhibited a 12% higher concentration of DHA

(C22:6n-3) in brain (P \ 0.05; Fig. 2), as well as numeri-

cally, though not significantly, higher concentrations of

DHA (C22:6n-3) in adipose tissue and liver (27 and 16%,

respectively) compared with group B (Fig. 2). In addition,

mice that received B. breve without a-linolenic acid (group

C), exhibited numerically, though not significantly, higher

concentrations of DHA (C22:6n-3) in brain tissue in com-

parison to unsupplemented controls (group D) (Fig. 2).

Oral administration of B. breve, both in combination

with a-linolenic acid and without a-linolenic acid supple-

mentation (group A and C), also resulted in significantly

higher concentrations of arachidonic acid (C20:4n-6) and

stearic acid (C18:0) incorporated in the liver compared to

mice that did not receive B. breve (group B and group D)

(P \ 0.05; Table 1).

Discussion

The influence of dietary PUFA on phospholipids, their

eicosanoid derivatives and the transmembrane-signalling

lipid rafts into which they are arranged provide multiple

targets for the dietary modulation of the balance of

inflammatory mediators in the human gut. In addition,

gut mucosal inflammation is now recognised as being

heavily influenced by the gastrointestinal microbiota

[24, 25]. The delicate balance of inflammatory mediators

derived from PUFA may be readjusted by members of

the indigenous gut microbiota. In this study, we

investigated how co-administration of B. breve NCIMB

702258 and the substrate for EPA, a-linolenic acid

affected the EPA and DHA concentrations of different

host tissues. We found that dietary supplementation of B.

breve NCIMB 702258 in combination with a-linolenic
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acid resulted in the modulation of host fatty acid com-

position, and, specifically, resulted in significantly higher

EPA and dihomo-c-linolenic acid concentrations in liver

and higher DHA in brain compared to mice that received

a-linolenic acid without microbial supplementation.

Some recent studies have shown that the gut microbiota

modifies a number of lipid species in serum, adipose

tissue and liver [26] as well as the eye lipidome of mice

[27] when compared to germ-free mice, suggesting that

interactions between intestinal bacteria and fatty acids

occur.

Supplementation of a-linolenic acid, both in combina-

tion with B. breve and in the absence of the B. breve strain,

resulted in significant increases in EPA and DHA in the

liver and adipose tissue, at the expense of arachidonic acid.

Since EPA replaces arachidonic acid as an eicosanoid

Table 1 Fatty acid composition (%) of liver from BALB/c mice

FAME Liver

A B C D

C16:0 23.11 ± 0.99c,d 23.89 ± 0.71c,d 27.78 ± 0.64a,b 27.64 ± 0.42a,b

C16:1c9 1.56 ± 0.10b,c,d 2.07 ± 0.18a,d 2.32 ± 0.18a 2.73 ± 0.27a,b

C18:0 13.83 ± 0.42b,c,d 12.36 ± 0.44a,d 11.50 ± 0.35a,d 10.40 ± 0.35a,b,c

C18:1c9 9.16 ± 0.36c,d 10.16 ± 0.62c,d 13.75 ± 0.57a,b 15.16 ± 0.75a,b

C18:2n-6 18.70 ± 0.35 18.32 ± 0.21d 18.21 ± 0.32d 19.38 ± 0.42b,c

C18:3n-3 8.37 ± 0.91c,d 9.47 ± 0.64c,d 0.50 ± 0.03a,b 0.58 ± 0.04a,b

C18:3n-6 0.20 ± 0.02c,d 0.17 ± 0.01c,d 0.30 ± 0.03a,b 0.32 ± 0.01a,b

C18:4n-3 0.14 ± 0.01c,d 0.16 ± 0.01c,d 0.23 ± 0.03a,b 0.22 ± 0.02a,b

C20:3n-6 0.73 ± 0.05b 0.61 ± 0.02a 0.69 ± 0.04 0.63 ± 0.03

C20:4n-6 6.71 ± 0.29b,c,d 5.57 ± 0.14a,c,d 11.45 ± 0.58a,c,d 9.78 ± 0.53a,b,c

C22:5n-3 1.02 ± 0.06c,d 0.94 ± 0.05c,d 0.23 ± 0.02a,b 0.26 ± 0.02a,b

n-6/n-3 1.36 ± 0.10c,d 1.30 ± 0.07c,d 4.70 ± 0.23a,b 5.07 ± 0.16a,b

Results are expressed as means ± SEM g/100 g FAME (n = 8). Different superscript letters within a column indicate significant difference

(n = 8, P \ 0.05). FAME fatty acid methyl esters. Group A = 1% a-linolenic acid in combination with 1 9 109 live B. breve NCIMB 702258

per day, Group B = 1% a-linolenic acid, Group C = standard diet in combination with 1 9 109 live B. breve NCIMB 702258, and Group

D = unsupplemented mice (standard diet). ND not detected

Table 2 Fatty acid composition (%) of adipose tissue from BALB/c mice

FAME Adipose tissue

A B C D

C16:0 28.84 ± 2.83c 28.73 ± 2.16c 30.92 ± 0.82a,b,d 29.87 ± 0.83c

C16:1c9 5.39 ± 0.73 6.07 ± 2.01 6.69 ± 1.95 6.54 ± 2.31

C18:0 8.76 ± 1.00 8.00 ± 2.33 7.71 ± 1.99 7.31 ± 2.87

C18:1c9 14.41 ± 1.29 14.83 ± 3.01 16.92 ± 3.07 18.35 ± 4.84

C18:2n-6 18.22 ± 0.25c 18.80 ± 0.81c 16.56 ± 0.77a,b 17.96 ± 3.39

C18:3n-3 6.56 ± 1.00c,d 7.35 ± 2.15c,d 0.66 ± 0.10a,b 0.79 ± 0.28a,b

C18:3n-6 0.15 ± 0.02 0.13 ± 0.03 0.15 ± 0.03 0.14 ± 0.04

C18:4n-3 0.16 ± 0.02 0.12 ± 0.03 0.14 ± 0.04 0.14 ± 0.03

C20:3n-6 0.37 ± 0.04 0.30 ± 0.09 0.32 ± 0.09 0.29 ± 0.16

C20:4n-6 6.20 ± 0.97c 5.27 ± 2.04c,d 10.57 ± 3.45a,b 9.29 ± 5.27b

C22:5n-3 0.67 ± 0.06c,d 0.55 ± 0.14c,d 0.27 ± 0.03a,b 0.27 ± 0.16a,b

n-6/n-3 2.20 ± 0.21c,d 2.15 ± 0.15c,d 10.80 ± 0.28a,b 11.56 ± 0.92a,b

Results are expressed as means ± SEM g/100 g FAME (n = 8). Different superscript letters within a column indicate significant difference

(n = 8, P \ 0.05). FAME fatty acid methyl esters. Group A = 1% a-linolenic acid in combination with 1 9 109 live B. breve NCIMB 702258

per day, Group B = 1% a-linolenic acid, Group C = standard diet in combination with 1 9 109 live B. breve NCIMB 702258, and Group

D = unsupplemented mice (standard diet). ND not detected
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precursor in cell membranes of platelets, erythrocytes,

neutrophils, monocytes and hepatocytes [28], this results in

a reduced synthesis of inflammatory eicosanoids from

arachidonic acid and, subsequently, elevated production of

anti-inflammatory eicosanoids from EPA. This alteration

towards a more anti-inflammatory profile could be of

importance in a variety of chronic inflammatory settings

that are of high prevalence in Western societies such as

inflammatory bowel disease (IBD), rheumatoid arthritis,

cardiovascular disease, obesity, Alzheimer’s disease and

certain psychiatric diseases such as depression, which are

characterised by an excessive production of arachidonic

acid-derived eicosanoids [29–33]. Moreover, since exces-

sive intake of n-6 PUFA, characteristic of modern Western

diets, could potentiate inflammatory processes and so could

predispose to, or exacerbate associated diseases, increasing

the intake of a-linolenic acid and/or EPA may have a

protective effect. A recent study using IL-10 knock-out

mice (mice that spontaneously develop colitis) demon-

strated significantly reduced colonic inflammation of mice

that were fed fish oil (enriched in EPA and DHA) com-

pared with mice that were fed n-6 PUFA-rich corn oil [34].

Table 3 Fatty acid composition (%) of brain from BALB/c mice

FAME Brain

A B C D

C16:0 30.69 ± 0.65 32.38 ± 0.44c 28.88 ± 0.90b,d 31.47 ± 0.51c

C16:1c9 0.81 ± 0.02b,c 0.94 ± 0.03a,c,d 0.73 ± 0.03a,d 0.84 ± 0.03b,c

C18:0 20.22 ± 0.07b 19.87 ± 0.14a 20.11 ± 0.20 19.85 ± 0.28

C18:1c9 17.58 ± 0.19 17.61 ± 0.24 17.14 ± 0.29 17.23 ± 0.33

C18:2n-6 1.18 ± 0.04b,c 1.54 ± 0.10a,c,d 1.00 ± 0.05a,b 1.14 ± 0.03b

C18:3n-3 0.10 ± 0.01b,c,d 0.18 ± 0.02a,c,d ND ND

C18:3n-6 ND ND ND ND

C18:4n-3 ND ND ND ND

C20:3n-6 ND ND ND ND

C20:4n-6 7.06 ± 0.07c 6.88 ± 0.12c,d 7.84 ± 0.23a,b 7.37 ± 0.17b

C22:5n-3 0.25 ± 0.01c,d 0.24 ± 0.01c 0.11 ± 0.01a,b 0.17 ± 0.04a

n-6/n-3 0.79 ± 0.03b,d 0.89 ± 0.03a 0.87 ± 0.04 0.97 ± 0.04a

Results are expressed as means ± SEM g/100 g FAME (n = 8). Different superscript letters within a column indicate significant difference

(n = 8, P \ 0.05). FAME fatty acid methyl esters. Group A = 1% a-linolenic acid in combination with 1 9 109 live B. breve NCIMB 702258

per day, Group B = 1% a-linolenic acid, Group C = standard diet in combination with 1 9 109 live B. breve NCIMB 702258, and Group

D = unsupplemented mice (standard diet). ND not detected

Fig. 1 Eicosapentaenoic acid (EPA) concentrations in murine liver,

adipose tissue and brain. Different superscript letters within a column

indicate significant differences (n = 8, P \ 0.05). EPA is expressed

as Mean ± SEM g/100 g fatty acid methyl esters (FAME)

Fig. 2 Docosahexaenoic acid (DHA) concentrations in murine liver,

adipose tissue and brain. Different superscript letters within a column

indicate significant differences (n = 8, P \ 0.05). DHA is expressed

as mean ± SEM g/100 g fatty acid methyl esters (FAME)
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Oral administration of B. breve, both in combination

with a-linolenic acid and without a-linolenic acid supple-

mentation, resulted in significantly higher amounts of

arachidonic acid incorporated in liver compared to mice

that did not receive B. breve. Given that the administration

of B. breve resulted in significantly higher concentrations

of long-chain PUFA such as EPA, DHA and arachidonic

acid, administration of this strain resulted in an increase in

the levels of unsaturation within fatty acids. Interestingly, it

was previously shown that a mixture of probiotics (Bacillus

subtilis, B. natto, B. megaterium, B. thermophilus, Lacto-

bacillus acidophilus, L. plantarum, L. brevis, L. casei,

Streptococcus faecalis, S. lactis, S. thermophilus, Clos-

tridium butyricum, Saccharomyces cerevisiae and Candida

utilis) increased the activity of liver D6-desaturase in rats,

which resulted in increased amounts of arachidonic acid

derived from linoleic acid [35]. Consequently, in our study,

the increased levels of long-chain PUFA in B. breve sup-

plemented groups may have arisen from the reported

properties of probiotics in regulating desaturase activity

involved in the metabolism of fatty acids to their longer-

chain unsaturated derivatives. B. breve NCIMB 702258

may also have influenced the mechanisms of PUFA uptake

to the intestinal epithelium in the present study. It was

recently demonstrated that exposure of L. plantarum

WCFSI to human intestinal mucosa induced an upregula-

tion of genes involved in fatty acid uptake, i.e. CD36 and

microsomal triglyceride transfer protein (MTP) [36].

Quantification of the numbers of bacteria of the B. breve

strain monitored in the feces of individual mice confirmed

gastrointestinal transit and survival of B. breve NCIMB

702258. Faecal recovery was approximately 2 9 106 CFU/g

feces in mice that received B. breve without a-linolenic

acid and approximately 4 9 105 CFU/g feces in mice that

received B. breve in combination with a-linolenic acid. The

fecal recovery of B. breve NCIMB 702258 in mice that

received B. breve without a-linolenic acid is consistent

with our previous study [1], however the fecal recovery of

B. breve was reduced in the presence of a-linolenic acid.

Since free PUFA have been shown to be antibacterial and

to inhibit the growth of bacteria [37–39] and adhesion of

bacteria to intestinal surfaces [40], this might explain the

lower numbers of B. breve obtained from mice that

received supplementation of a-linolenic acid compared to

mice that did not receive fatty acid supplementation.

Since the effect of the combined B. breve and a-lino-

lenic acid intervention on EPA- and DHA concentrations

was greater than that of a-linolenic acid intervention alone,

this effect could be attributed to B. breve NCIMB 702258

and suggests that feeding a metabolically active strain can

influence the fatty acid composition of host tissues. In

conclusion, the present study shows that the administration

of B. breve NCIMB 702258 is associated with alterations in

the fatty acid composition of host liver and brain, including

elevated concentrations of EPA and DHA. This interaction

between administered microbes and n-3 fatty acids could

result in more efficient probiotic preparations, which may

be beneficial for a range of immunoinflammatory disorders

as well as having significance for the promotion of neu-

rological development in infants.
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Abstract The present study aimed to elucidate the

effective phylogenetic specificity of distribution of a

cis-4,7,10, trans-13-22:4 (22:4(n-9)D13trans) among

pectinids. For this purpose, we extended the analysis of

membrane glycerophospholipids FA composition to 13

species of scallops, covering 11 genera and 7 tribes

representatives of the three subfamilies Chlamydinae,

Palliolinae and Pectininae and the subgroup Aequipecten.

In species belonging to the subfamily Pectininae and the

Aequipecten subgroup, 22:4(n-9)D13trans was found in

substantial amounts, but it was absent in other species

belonging to the subfamilies Chlamydinae and Palliolinae.

Homologous non-methylene-interrupted (NMI) FA, also

hypothesized to differ along phylogenetic lines in bivalves,

were totally absent or present only in trace amounts in

representatives of the Aequipecten subgroup but ranged

from 0.3 to 4.5% of the total FA in Pectinidae,

Chlamydinae, and Palliolinae subfamilies. The species-

specific occurrence of NMI and 22:4(n-9)D13trans FA in

membrane lipids of pectinids agrees with the most recent

phylogenies based on shell morphology and molecular

characteristics. We examined the potential timing of the

appearance of 22:4(n-9)D13trans in pectinids on a geologic

time scale.

Keywords cis-4,7,10, trans-13-22:4 fatty acid �
Fatty acid composition � Bivalve � Scallops � Pectinidae �
Phylogeny

Abbreviations

NMI Non-methylene-interrupted fatty acids

NMID Dienoic non-methylene-interrupted fatty acids

NMIT Trienoic non-methylene-interrupted fatty acids

SerGpl Phosphatidylserine

PlsSer Phosphatidylserine plasmalogen

Introduction

To date, 4,7,10,13trans-22:4 FA (22:4(n-9)D13trans) has

been reported and characterized in significant amounts in

glycerophospholipids of three species of the family

Pectinidae, the scallops Pecten maximus, Argopecten

purpuratus, and Aequipecten opercularis [1, 2]. This

22:4(n-9)D13trans is particularly concentrated in the

plasmalogen and diacyl forms of serine glycerophospho-

lipids (SerGpl) [2]. This association was in evidence in all

tissues analyzed, but the proportions of the 22:4(n-9)

D13trans in these subclasses were highest in the gills and

lowest in the adductor muscle.

The presence of 22:4(n-9)D13trans FA in the scallop

species investigated was combined with very low levels of
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C20 and C22 non-methylene-interrupted dienoic (NMID)

and trienoic (NMIT) FA. Earlier reports on scallop FA

compositions also indicated that the levels of these unusual

NMI FA are generally very low in pectinids [3, 4], while

they are seemingly ubiquitous components in other mem-

bers of the class Bivalvia, occurring in concentrations up to

20% of the total FA [3, 5–9]. Interestingly, the specific

association of the plasmalogen form of SerGpl (PlsSer)

with the 22:4(n-9)D13trans for pectinids parallels the

specific association found for PlsSer with NMI FA in non

pectinid species [10]. Although these peculiar FA are

structurally different, this led us to argue that these two

types of FA could play similar roles in membrane functions

[1]. First proposed by Ackman and Hooper [11], and

demonstrated later by Zhukova [6, 8], NMI FA are con-

sidered to be the only polyunsaturated fatty acids (PUFA)

synthesized de novo by bivalve mollusks. We thus

hypothesized that 22:4(n-9)D13trans could be of endoge-

nous origin, representing a specific attribute of Pectinidae

[2]. Nevertheless, in the work of Napolitano and Ackman

on the scallop Placopecten magellanicus, no peak (gas

chromatogram) or unknown FA that could be interpreted as

the 22:4(n-9)D13trans was described [4, 12, 13]. The fact

that this FA is not found in P. magellanicus was recently

confirmed [14]. Such observations raised the question

whether 22:4(n-9)D13trans systematically occurs through-

out the Pectinidae family.

This study investigated the occurrence of the 22:4

(n-9)D13trans and NMI FA in an expanded range of species

of Pectinidae. The FA composition of membrane phos-

pholipids was characterized in 13 different species of

scallops that span 11 of the 56 genera, representing 7 tribes

and belonging to 3 of the 4 most important subfamilies in

term of number of extant species. We examined the che-

motaxonomic relationships revealed by the distribution of

22:4(n-9)D13trans and NMI FA, and compared them with

existing morphological and molecular classifications for

the Pectinidae family.

Materials and Methods

Scallop Species Collection

The locations and time of collection of the pectinid species

studied are presented in Table 1. Collected species are

classified according to genera described by Waller [15].

Sample Preparation and Lipid Extraction

For all species analyzed, the digestive tract was first

removed to limit contamination by ingested algae. Then

gills and muscle tissues were excised, weighed and

homogenized with a Dangoumeau homogenizer at

-180 �C. One species was analyzed as a whole animal (i.e.

Euvola ziczac). Lipids were extracted from an aliquot of

approximately 100 mg of tissue homogenates according to

the method described by Folch et al. [16]. To ensure

complete extraction of the lipids, a solvent to tissue ratio of

70:1 was used as described by Nelson [17]. After removing

the organic phase, the residue was washed with a mixture

of CHCl3/MeOH (2:1, vol/vol) to avoid any solvent

Table 1 Sampling location and time of collection of scallop species used in the analysis (following current classifications [15] and [32])

Subfamily Tribe Species Origin Time of collection

Chlamydinae Chlamydini Zygochlamys patagonica (2) Argentina June 05

Mizuhopecten yessoensis (3) Japan July 05

Chlamys distorta (5) France (Ba) April 05

Chlamys islandica (4) Norway November 04

Mimachlamydini Mimachlamys varia (4) France (B) July 04

Palliolinae Palliolini Placopecten magellanicus (3) Canada (MIb) September 06

Adamussiini Adamusium colbecki (5) December 07

Pectininae Pectinini Pecten maximus (3) France (B), Norway July 07

Nodipecten subnodosus (3) Mexico (BCSc) June 06

Amusiini Euvola ziczac (4) Bermuda December 05

Aequipecten subgroup Aequipectinini Aequipecten opercularis (3) France (B) June 05

Argopecten purpuratus (3) Chile July 05

Argopecten ventricosus (3 for each month) Mexico (BCSc) January, May, July 08

The number of individuals for analysis is indicated in brackets
a Brittany/Bay of Brest
b Madeleine Islands
c Baja California Sur
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retention. The final extract was stored at -20 �C under a

nitrogen atmosphere after adding 0.01% wt/vol butylated

hydroxytoluene (BHT, antioxidant).

Separation of Polar Lipids by Silica Gel Micro-column

and FA Analysis

An aliquot of the lipid extracts (approximately 100 lg of

total lipids) was evaporated to dryness and the lipids were

recovered with three washings of 500 ll of CHCl3/MeOH

(98/2, vol/vol) and deposited at the top of a silica gel

micro-column (30 9 5 mm I.D., packed with Kieselgel 60

70–230 mesh previously heated at 450 �C and deactivated

with 5 wt% H2O) [18]. Neutral lipids were eluted with

10 ml of CHCl3/MeOH (98/2 vol/vol). The polar lipid

fraction was recovered with 20 ml of MeOH and stored at

-20 �C before FA composition analysis by gas chroma-

tography (GC).

The polar lipid fraction was used for the direct determi-

nation of the total glycerophospholipid (GPL) FA compo-

sition after transesterification (MeOH/BF3). Fatty acid

methyl esters (FAME) obtained were identified and quan-

tified by GC using C23:0 FA as an internal standard [18].

FAME were analyzed in a Varian CP 8400 gas chromato-

graph equipped with an on-column injector and a flame

ionization detector. FA were identified by comparing their

retention times using both polar (CPWAX 52 CB—

30 m 9 0.25 mm, 0.25 lm film thickness) and non-polar

(CP-Sil 8 CB—30 m 9 0.25 mm, 0.25 lm film thickness)

capillary columns by means of a standard mixture contain-

ing 37 FAME (SUPELCO/Sigma–Aldrich, St-Quentin

Fallavier, France), and other known standard mixtures from

marine bivalves [1, 10]. A total of 40 FA were quantified and

expressed as the molar percentage of the total FA content.

Results

Scallop species analyzed in this study are distributed among

three of the four proposed subfamilies, including the

Chlamydinae, Palliolinae, and Pectininae (Table 1). The

subfamily not analyzed was the Camptonectinae, hypothe-

sized as the sister group of all other existent Pectinidae.

Along with NMI FA and 22:4(n-9)D13trans, glycero-

phospholipids of the 13 pectinid species were dominated

by five major FA (16:0, 18:0, 20:4n-6, 20:5n-3, and 22:6n-

3). Table 2 reports the proportions of the total NMI FA,

22:4(n-9)D13trans, 20:4n-6, 20:5n-3, and 22:6n-3. In 11 of

the 13 species investigated, gills and muscle glycerophos-

pholipids FA compositions were analyzed separately.

Long-chain PUFA 20:4n-6, 20:5n-3, and 22:6n-3 varied

markedly among species and both organs analyzed. There

was no relationship with taxonomic affiliation.

Two main clusters among the suprageneric groups of

Pectinidae can be formed when considering the presence or

absence of the 22:4(n-9)D13trans. This FA was found in

substantial amounts in all species belonging to the

Aequipecten group (A. opercularis, A. purpuratus, and

A. ventricosus) and the subfamily Pectininae (P. maximus,

N. subnodosus, and E. ziczac), but was absent in species

belonging to Chlamydinae (Z. patagonica, M. yessoensis,

C. islandica, and M. varia) and Palliolinae subfamilies

(P. magellanicus, A. colbecki) (Table 2). One exception

was observed for C. distorta (tribe Chlamydini), for which

the presence of 22:4(n-9)D13trans was clearly established,

even if it was found in low amounts in comparison to

species of the Pectininae subfamily and Aequipecten

group.

Except for the three species belonging to the Aequi-

pecten group, for which NMI FA were not detectable (or

only found in trace amounts in the case of A. opercularis),

the other pectinid species contained minor but noticeable

amounts of NMI FA, ranging from 0.3 to 4.5% according

to species and organs. In the 11 species where gills and

muscle were analyzed separately, NMI FA and/or 22:4(n-

9)D13trans content in the membrane glycerophospholipids

were found higher in the gills than in muscle. Predominant

NMI FA were 22:2 NMID (7,15–22:2 and 7,13–22:2),

while 20:2 NMID (5,11–20:2 and 5,13–20:2) and NMIT

(5,11,14–20:3 and 7,13,16–22:3) were only detectable in

trace amounts. Among 22:2 NMID FA, no characteristic

predominance of one of the two isomers was found

according to species and phylogenetic groups.

To evaluate intra-specific variability of NMI FA and

22:4(n-9)D13trans, FA compositions of P. maximus spec-

imens sampled in the bay of Brest (French coast) and in the

Norwegian coastal waters were compared. Despite some

differences in proportions of the long-chain PUFA 20:4n-6,

20:5n-3 and 22:6n-3 (mainly in gills), 22:4(n-9)D13trans

and NMI FA in gills and muscle were found in similar

amounts in both populations. We also examined whether

levels of NMI FA and 22:4(n-9)D13trans vary within a

species according to the period of the year, by sampling

A. ventricosus from the same location (Baja California Sur,

Mexico) at 3 months within a year. Despite some vari-

ability in the proportions of 20:4n-6, 20:5n-3 and 22:6n-3,

levels of 22:4(n-9)D13trans varied less within this species

than between the different species.

Discussion

Previous studies on glycerophospholipids FA composition

in non-pectinid bivalves species Glycymeris glycymeris,

Mytilus edulis, Ostrea edulis, Crassostrea gigas, Ruditapes

decussatus, and Cerastroderma edule did not reveal the
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Table 2 FA composition of glycerophospholipids in the scallop species investigated

Subfamilies and species 20:4n-6 20:5n-3 22:6n-3 Total NMIa 22:4(n-9)D13trans

Chlamydinae

Zygochlamys patagonica

Muscle 1.8 ± 0.1 14.1 ± 0.2 30.7 ± 0.8 2.6 ± 0.2 –

Mizuhopecten yessoensis

Gills 8.5 ± 0.2 11.7 ± 0.3 26.0 ± 0.6 2.1 ± 0.2 –

Muscle 9.0 ± 0.3 13.4 ± 0.4 23.5 ± 0.4 1.2 ± 0.0 –

Chlamys distorta

Gills 3.3 ± 0.1 15.3 ± 0.4 27.3 ± 0.5 1.4 ± 0.1 0.5 ± 0.1

Muscle 2.8 ± 0.1 16.9 ± 0.2 29.8 ± 0.7 0.3 ± 0.0 Trace

Chlamys islandica

Gills 6.3 ± 0.2 11.8 ± 0.5 36.0 ± 1.0 4.5 ± 0.5 –

Muscle 2.2 ± 0.5 22.1 ± 0.5 25.2 ± 0.7 0.4 ± 0.1 –

Mimachlamys varia

Gills 6.3 ± 0.5 14.0 ± 0.3 26.9 ± 0.7 4.5 ± 0.1 –

Muscle 4.1 ± 0.1 21.8 ± 0.6 23.2 ± 0.9 0.8 ± 0.1 –

Palliolinae

Placopecten magellanicus

Gills 5.6 ± 0.5 15.7 ± 0.3 39.9 ± 1.0 1.7 ± 0.2 –

Muscle 1.5 ± 0.1 21.7 ± 1.2 25.0 ± 0.5 0.3 ± 0.1 –

Adamusium colbecki

Gills 2.6 ± 0.2 18.4 ± 0.4 18.6 ± 0.4 1.4 ± 0.1

Muscle 1.9 ± 0.1 23.8 ± 0.8 18.5 ± 0.3 0.3 ± 0.2 –

Pectininae

Pecten maximus—Brest, France

Gills 10.1 ± 0.4 10.7 ± 0.2 23.0 ± 0.6 2.0 ± 0.2 9.4 ± 0.1

Muscle 4.5 ± 0.2 17.1 ± 0.3 25.2 ± 0.5 0.4 ± 0.1 1.9 ± 0.3

Pecten maximus—Norway

Gills 8.2 ± 0.3 10.1 ± 0.1 30.2 ± 0.4 2.8 ± 0.1 10.2 ± 0.1

Muscle 2.3 ± 0.1 16.5 ± 0.2 27.6 ± 0.7 0.6 ± 0.1 1.2 ± 0.1

Nodipecten subnodosus

Gills 6.8 ± 0.2 7.2 ± 0.1 25.7 ± 0.7 4.5 ± 0.3 7.7 ± 0.1

Muscle 3.2 ± 0.2 25.9 ± 1.1 27.8 ± 0.9 0.4 ± 0.2 1.7 ± 0.1

Euvola ziczac

Whole animal 11.8 ± 0.5 5.9 ± 0.1 25.6 ± 1.0 0.5 ± 0.1 5.9 ± 0.1

Aequipecten group

Aequipecten opercularis

Gills 10.6 ± 0.3 12.9 ± 0.3 22.9 ± 0.5 0.2 ± 0.1 10.0 ± 1.8

Muscle 6.2 ± 0.1 20.9 ± 0.3 22.9 ± 0.4 0.1 ± 0.0 1.3 ± 0.5

Argopecten purpuratus

Gills 2.8 ± 0.1 9.9 ± 0.1 29.2 ± 0.8 – 9.3 ± 0.1

Argopecten ventricosus

Gills (January) 6.0 ± 0.2 6.0 ± 0.1 26.4 ± 0.8 – 12.7 ± 0.1

Gills (May) 3.1 ± 0.2 9.7 ± 0.2 21.3 ± 1.1 – 12.0 ± 0.1

Gills (July) 6.1 ± 0.3 9.2 ± 0.1 26.7 ± 0.6 – 12.5 ± 0.1

For the purpose of the study, only predominant PUFA are depicted in addition to total NMI and 22:4(n-9)D13trans FA. Results are expressed in

mol% of the total FA of glycerophospholipids. Values are means ± SD
a Total NMI is the sum of 20 and 22 NMID isomers (5,11–20:2NMI, 5,13–20:2NMI, 7,13–22:2NMI, 7,15–20:2NMI), and 22 NMIT (7,13,16–

22:3NMI). 5,11,14–20:3 NMIT was only detectable in trace amounts
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presence of 22:4(n-9)D13trans, suggesting that this pecu-

liar FA is only present in bivalves of the Pectinidae family

[1, 10]. However, our characterization of the FA compo-

sition of phospholipids in a greater number of scallop

species showed that 22:4(n-9)D13trans only occurred in

some of the 13 species studied.

Our present results confirmed that pectinids contain

lower levels of NMI FA than other bivalve mollusks [3, 4].

Actually, Pectinidae seem to represent an exception since

NMI FA are seemingly ubiquitous mollusk components

with non-negligible proportions and a definite regularity in

their distribution in bivalves (up to 20%) [3, 7]. These NMI

FA are considered to be the only PUFA synthesized de

novo in bivalves. While NMID FA (namely 5,11–20:2,

5,13–20:2, 7,13–22:2, 7,15–22:2) were demonstrated to be

de novo synthesized in bivalve mollusks by active FA

elongation and desaturation of 18:1n-9 and 16:1n-7 [6, 8],

NMIT (5,11,14–20:3 and 7,13,16–22:3) FA were suggested

to be synthesized from 20:2n-6 [9]. The occurrence of NMI

FA in mollusks was originally thought to represent a

phylogenetic characteristic of mollusks [11]. Later, based

on a study on five bivalves and two gastropods species

from the Sea of Japan, it was proposed that NMI FA have

some evolutionary significances in bivalves, with the oldest

families of Bivalvia having the highest NMI FA contents,

while in evolutionary ‘‘advanced’’ species, these FA are

either found in lower amounts or absent [7]. However,

authors pointed out the exception of Pectinidae since NMI

FA were almost absent or in trace amounts in this ancient

family. Rabinovich and Ripatti [19] suggested that the

higher content of FA acyl chains with non-methylene-

interrupted double bonds in the oldest families of Bivalvia

appeared as a result of primitive disorganizations in the

reaction sequence of the normal system of desaturases and

elongases.

The desaturase and elongase intermediates in the syn-

thesis of 22:4(n-9)D13trans have still not been elucidated

in pectinids. However, as it is absent from the diet, this

22:4(n-9)D13trans should be, as NMI FA, of endogenous

origin [1]. In addition, 22:4(n-9)D13trans and NMI FA

shared some interesting characteristics in bivalve tissues.

Both are found in higher proportions in gills than in muscle

glycerophospholipids and both are specifically associated

to the plasmalogen form of glycerophospholipids [2, 10].

Considering this, the phylogenetic significance of 22:4(n-

9)D13trans occurrence was assessed using the recently

updated phylogeny of scallops by Waller [15], based on

shared derived morphological characters and molecular

genetic characteristics, and scaled against geologic time

(Fig. 1). According to the presence or absence of the

22:4(n-9)D13trans in gills glycerophospholipids, two

groups of pectinids were apparent. One group of species

belonging to the Aequipecten group and Pectininae sub-

family was characterized by substantial amounts of 22:4(n-

9)D13trans in gills, whereas the second group including

representatives of the Chlamydinae and Palliolinae
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Fig. 1 Phylogeny of subfamilies of Pectinidae plotted against time in

million of years and compartmentalized into standard European

stages. This representation was reconstructed from the publication of

Waller [15, Figs. 1.1 and 1.3] who postulated new evolutionary

relationships among scallops on the basis of shared morphological

characters and findings of molecular genetic studies. Also indicated is

the ‘‘Aequipecten group’’ now considered to be at the base of the

lineage conducing to the subfamily Pectininae. The different tribes

analyzed in the present study are indicated for each subfamily.

Indications on lineages refer to the characteristic distribution of

22:4(n-9)D13trans and NMI FA within pectinid clades
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subfamilies contained no or only trace amounts of this

FA. According to Waller’s phylogenetic tree, 22:4(n-9)

D13trans is then only present in the most evolutionary

advanced species. This observation suggests that members

of the Pectininae subfamily and the Aequipecten group

have originated from a common ancestor that belonged to a

common lineage that gave rise to the 22:4(n-9)D13trans in

Pectinidae.

At this stage, distribution of 22:4(n-9)D13trans and

NMI FA within pectinid clades supports the idea that the

capacity to synthesize these peculiar fatty acids is geneti-

cally controlled and has phylogenetic and evolutionary

significance. However, it is important in comparative

studies of this type to separate adaptive properties from

characters that exist in species for reasons of phylogenetic

lineage. Because of their possible importance in membrane

structure and function, the proportions of these FA can be

expected to be modulated by extrinsic (i.e., temperature,

diet, salinity, depth) and/or intrinsic factors (i.e. age,

reproductive cycle). However, while studies on scallops

and other bivalve species show a dependence of 20:4n-6,

20:5n-3, and 22:6n-3 compositions of membrane phos-

pholipids on dietary composition [20–23], NMI FA and

22:4(n-9)D13trans in phospholipids seemed less sensitive

to dietary changes in PUFA contents [20, 22–25]. Only

small modifications of NMI FA contents were observed

according to temporal and geographical changes [4, 12, 13,

25–27]. NMI and/or 22:4(n-9)D13trans FA also appear to

be less sensitive to reproductive stages than 20:4n-6, 20:5n-

3, and 22:6n-3 [12, 14, 26, 28]. In the present study, species

sampled in the Bay of Brest (France) for which 22:4

(n-9)D13trans was present in substantial proportions (i.e.

P. maximus, A. opercularis) or was not detected or only in

trace amounts (i.e. C. distorta, M. varia), were species

growing in similar habitats and sampled at the same

periods of the year. This observation suggests that the

occurrence of this peculiar FA in scallops is not linked to

adaptive responses in their environment. Analysis of

P. maximus originating from France or Norway (south of

Bergen) revealed that the proportions of 22:4(n-9)D13trans

in phospholipids are not markedly influenced by rearing

site conditions and/or latitudes. As well, despite modifi-

cations in 20:4n-6, 20:5n-3, and 22:6n-3 and other FA

levels in gills membranes of A. ventricosus originating

from a same location and sampled at three different months

(P \ 0.05), the differences in 22:4(n-9)D13trans propor-

tions over the sampling period were not significant. These

modifications being probably associated with multiple

factors such as diet, temperature, or reproductive stages

and age, the stability of 22:4(n-9)D13trans levels compared

to those of 20:4n-6, 20:5n-3, and 22:6n-3 suggest a regu-

lation of this FA in the membrane lipids. These results

corroborate the constant proportions of 22:4(n-9)D13trans

and NMI FA found during a seasonal survey (including a

reproductive cycle) of fatty acid compositions in the mantle

tissues of a 1-year-old population of giant lion’s-paw

scallop N. subnodosus [28].

All these considerations support the idea that these

membrane fatty acids could have a phylogenetic signifi-

cance rather than being due to environmental conditions.

The present data support some of the new assignments of

bivalves of the Pectinidae family that have recently

emerged [15, 29–32]. The occurrence of 22:4(n-9)D13trans

in two clades, the ‘‘Aequipecten group’’ and the subfamily

Pectininae, supports the close relationship between them

[15, 30] (Fig. 1), while a previous phylogeny placed

Pectininae and Aequipecten in well separated positions

[33]. Nevertheless, these two clades seemed to be distinguish-

able according to their NMI FA contents. Indeed, NMI FA

were in very low amounts or absent in species of the

Aequipecten group while they were found in significant

amounts in the Pectininae subfamily when compared to

other pectinids. Furthermore, an interesting point is the

almost lack of 20:1n-11 in glycerophospholipids of the

Aequipecten group species (data not shown). As previously

suggested, 20:1n-11 is probably biosynthesized in bivalves

by a D9 desaturase acting on 20:0 [10] in the same way as a

D9 desaturation and elongation of 16:0 and 18:0, produces

the two NMI FA precursors 20:1n-7 and 20:1n-9 [8]. This

observation would corroborate a loss of NMI FA biosyn-

thesis pathways in species belonging to the Aequipecten

group, suggesting an independent evolution in species of

the Aequipecten group after the split with the subfamily

Pectininae.

The presence of both NMI FA and 22:4(n-9)D13trans in

N. subnodosus is in good agreement with two recent

molecular phylogenetic studies that established a closer

relationship between Nodipecten and the Pectininae sub-

family [31, 32]. Placement of M. yessoensis (synonym.

Patinopecten) close to the Chlamys group [15, 29], in

contrast to its previous position close to Pecten [34], is also

corroborated by the absence of 22:4(n-9)D13trans in

M. yessoensis glycerophospholipids.

In contrast, the presence of 22:4(n-9)D13trans in

C. distorta (tribe Chlamydini), raises a question of whether

this species belongs to the Chlamydinae subfamily.

Unfortunately, none of the recent molecular studies

addressed phylogenetic relationships of this species in

Pectinidae families.

A discussion on the functional, physiological and/or

evolutionary significance of the specificity of distribution

of 22:4(n-9)D13trans among pectinids can only be specu-

lative and has yet to be addressed. For NMI FA, due to

their large quantities reported in membrane lipids of marine

organisms, some authors assume that they play an impor-

tant role in biomembrane functioning such as fluidity, and
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control of negative influence of thermal changes on

enzyme activity. They have also been related to the low

oxidizability of membrane lipids and high resistance to

hemolytic agents [19, 35, 36]. Although 22:4(n-9)D13trans

and NMI FA appears structurally very different, their

specific association with the plasmalogen form of SerGpl

(PlsSer) and their uneven distribution among organs argue

for similar targeted roles in membrane functions [2].

In conclusion, representatives of the Pectinidae family

are unique in terms of the de novo biosynthesized NMI FA

proportions and the existence of the 22:4(n-9)D13trans FA

in their membrane lipids. A striking relationship between

the occurrence of NMI FA and 22:4(n-9)D13trans and the

recent phylogenies of the Pectinidae family suggests that

an event(s) in pectinids evolution occurred in the root for

the Aequipecten and Pectininae allowing scallops to

develop the enzyme machinery for 22:4(n-9)D13trans

biosynthesis. Any consequences for membrane functions

that underlie these specificities in membrane lipid com-

position remain to be explained, but the present data could

help us to gain further knowledge on these questions.

Acknowledgments We would like to thank A. Lorrain, A.

Druinker, L. Chauvaud, and Y-M. Paulet for supply of some of the

species we characterized. This work was supported by a grant from

‘‘Ministère de l’Education Nationale de la Recherche et de la

Technologie’’ (M.E.N.R.T., France). We also would like to thank

Prof. H. Guderley for her English revision and comments, and also

anonymous reviewers for their helpful comments.

References

1. Marty Y, Soudant P, Perrotte S, Moal J, Dussauze J, Samain JF

(1999) Identification and occurrence of a novel cis-4,7,10,trans-

13-docosatetraenoic fatty acid in the scallop Pecten maximus
(L.). J Chromatogr A 839:119–127

2. Kraffe E, Soudant P, Marty Y (2006) cis-4,7,10,trans-13-22:4

Fatty acid distribution in phospholipids of pectinid species

Aequipecten opercularis and Pecten maximus. Lipids 41:491–497

3. Joseph JD (1982) Lipid composition of marine and estuarine

invertebrates. Part II: Mollusca. Prog Lipid Res 21:10–153

4. Napolitano GE, Ackman RG (1992) Anatomical distributions and

temporal variations of lipid classes in sea scallops Placopecten
magellanicus (Gmelin) from Georges bank (Nova Scotia). Comp

Biochem Phys 103:645–650

5. Paradis M, Ackman RG (1975) Occurrence and chemical structure

of non-methylene-interrupted dienoic fatty acids in American

oyster Crassostrea virginica. Lipids 10:12–16

6. Zhukova NV (1986) Biosynthesis of non-methylene-interrupted

fatty acids from [14C] acetate in molluscs. Biochim Biophys Acta

878:131–133

7. Zhukova NV, Svetashev VI (1986) Non-methylene-interrupted

dienoic fatty acids in molluscs from the Sea of japan. Comp

Biochem Phys 83B:643–646

8. Zhukova NV (1991) The pathway of the biosynthesis of non-

methylene-interrupted dienoic fatty acids in molluscs. Comp

Biochem Phys 100B:801–804

9. Dunstan GA, Volkman JK, Barett SM (1993) The effect of

lyophilization on the solvent extraction of lipid classes, fatty

acids and sterols from the oyster Crassostrea gigas. Lipids

28:937–944

10. Kraffe E, Soudant P, Marty Y (2004) Fatty acids of serine,

ethanolamine and choline plasmalogens in some marine bivalves.

Lipids 39:59–66

11. Ackman RG, Hooper SN (1973) Non-methylene-interrupted fatty

acids in lipids of shallow-water marine invertebrates: a compar-

ison of two molluscs (Littorina littorea and Lunatia triserita)

with the sand shrimp (Crangon septumspinosus). Comp Biochem

Phys 46B:153–165

12. Napolitano GE, Ackman RG (1993) Fatty acid dynamics in sea

scallops Placopecten magellanicus (Gmelin, 1791) from Georges

bank, Nova Scotia. J Shell Res 12:267–277

13. Napolitano GE, MacDonald BA, Thompson RJ, Ackman RG

(1992) Lipid composition of eggs and adductor muscle in giant

scallops (Placopecten magellanicus) from different habitats. Mar

Biol 113:71–76

14. Kraffe E, Tremblay R, Belvin S, Le Coz JR, Marty Y, Guderley

H (2008) Effect of reproduction on escape responses, metabolic

rates and muscle mitochondrial properties in the scallop Placo-
pecten magellanicus. Mar Biol 156:25–38

15. Waller TR (2006) New phylogenies of the Pectinidae (Mollusca:

Bivalvia): reconciling morphological and molecular approaches.

In: Shumway SE, Parsons GJ (eds) Scallops: biology, ecology

and aquaculture. Elsevier, pp 1–44

16. Folch J, Lees M, Sloane-Stanley GH (1957) A simple method for

the isolation and purification of total lipides from animal tissues.

J Biol Chem 226:497–509

17. Nelson GJ (1993) Isolation and purification of lipids from bio-

logical matrices. In: Perkins EG (ed) Analyses of fats, oils and

derivatives. AOCS Press, Champaign, pp 20–89

18. Marty Y, Delaunay F, Moal J, Samain JF (1992) Changes in the

fatty acid composition of the scallop Pecten maximus (L.) during

larval development. J Exp Mar Biol Ecol 163:221–234

19. Rabinovich AL, Ripatti PO (1991) The flexibility of natural

hydrocarbon chains with non-methylene-interrupted double

bonds. Chem Phys Lipids 58:185–192

20. Soudant P, Marty Y, Moal J, Robert R, Quéré C, Le Coz JR,
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Abstract We investigated the factors influencing tri-

glycerides (TG) reduction during ezetimibe, alone or

combined with orlistat, administration. Eighty-six obese

hypercholesterolemic subjects were prescribed a low-fat

diet and were randomized to ezetimibe (E group), orlistat

(O group), or both (OE group) for 6 months. Plasma TG

and apolipoprotein (apo) C-III reduction was significantly

greater in the combination group compared with mono-

therapy. Multivariate analysis showed that in E group

apoC-III reduction and baseline TG levels were indepen-

dently positively correlated, whereas baseline apoC-II

levels were negatively correlated, with TG lowering. In OE

group apoC-III reduction was the only independent con-

tributor to TG reduction.

Keywords Ezetimibe � Orlistat � Triglycerides �
Apolipoprotein C-II � Apolipoprotein C-III � Cholesterol

Abbreviations

apo Apolipoprotein

apoA-I Apolipoprotein A-I

apoB Apolipoprotein B

apoC-II Apolipoprotein C-II

apoC-III Apolipoprotein C-III

apoE Apolipoprotein E

BMI Body mass index

CVD Cardiovascular disease

Group O Orlistat group

Group E Ezetimibe group

Group OE Orlistat plus ezetimibe group

HDL High density lipoproteins

HDL-C High density lipoprotein cholesterol

HL Hepatic lipase

HOMA Homeostasis model assessment

LDL-C Low density lipoprotein cholesterol

LPL Lipoprotein lipase

MetS Metabolic syndrome

TG Triglycerides

TC Total cholesterol

VLDL Very low density lipoproteins

Introduction

The human apolipoproteins (apo) Cs are constituents of

chylomicrons, very low density lipoproteins (VLDL) and

high density lipoproteins (HDL) [1]. ApoC-II in normal

ranges is an activator of lipoprotein lipase (LPL) [1, 2]. In

contrast, excess apoC-II inhibits LPL-mediated hydrolysis

of triglycerides (TGs) [1]. ApoC-III is a powerful inhibitor

of LPL activity [1, 3].

Ezetimibe selectively inhibits intestinal cholesterol

absorption [4, 5]. This effect leads to decreased cholesterol

delivery to the liver and subsequent increased cholesterol

clearance from the blood [4].

Orlistat is an inhibitor of intestinal lipases that are

responsible for the breakdown of dietary TG into fatty

acids and monoglycerides [6–8]. Orlistat-induced weight

loss improves CVD risk factors, including serum TG levels

[9–11].
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Our group showed that ezetimibe, alone or in combi-

nation with orlistat, significantly reduced serum TG con-

centration in obese patients with hypercholesterolemia [12,

13]. In this study we show the effect of ezetimibe admin-

istration, alone or combined with orlistat, on apoC-II and

apoC-III levels and we investigate the factors influencing

TG reduction during these treatments.

Patients and Methods

Participants

Consecutive patients attending the Outpatient Obesity and

Lipid Clinic of the University Hospital of Ioannina

(Ioannina, Greece) were recruited [12]. The study protocol

has been described in detail elsewhere [12, 13]. Briefly,

eligible patients were those with body mass index (BMI)

[28 kg/m2 and hypercholesterolemia [total cholesterol

(TC) [200 mg/dl, 5.2 mmol/l]. Patients with symptomatic

ischemic heart disease or any other clinically evident

vascular disease, impaired renal, liver or thyroid function,

diabetes mellitus or receiving lipid-lowering therapy were

excluded from the study.

An individualized low-fat diet, promoting a 500–

1,000 kcal reduction in daily energy intake, was given to

all patients [12]. Patients were randomized to receive for

6 months: orlistat, Group O (120 mg, three times a day) or

ezetimibe, Group E (10 mg/day) or a combined treatment

with orlistat plus ezetimibe, Group OE.

All participants gave their informed consent and the

study protocol was approved by the institutional ethics

committee.

Laboratory Measurements

Lipid and carbohydrate metabolism parameters were

determined as previously described [12]. All laboratory

determinations were carried out after an overnight fast.

Serum concentrations of fasting glucose, TC and TGs

were determined enzymatically on an Olympus AU600

clinical chemistry analyzer (Olympus Diagnostica,

Hamburg, Germany). High density lipoprotein cholesterol

(HDL-C) was determined in the supernatant, after pre-

cipitation of the apoB-containing lipoproteins with dex-

tran sulfate-Mg2? (Sigma Diagnostics, St. Louis, MO,

USA). Low density lipoprotein cholesterol (LDL-C) was

calculated using the Friedewald formula (provided that

triglycerides were \3.9 mmol/l, 350 mg/dl). Fasting

serum insulin levels were measured by an AxSYM insulin

assay microparticle enzyme immunoassay on an AzSYM

analyzer (Abbott Diagnostics, IL, USA). Finally, homeo-

stasis model assessment (HOMA) index was calculated as

follows: fasting insulin (mU/l) 9 fasting glucose (mg/dl)/

405.

ApoC-II and apoC-III were determined by an immuno-

turbidimetric assay provided by Kamiya Biomedical

Company (Seattle, USA) [14].

For all measurements in our laboratory, the coefficients

of inter-assay and intra-assay variation were less than

5.0%, and blinded quality-control specimens were included

in each assay. Analyses were conducted at the Laboratory

of Clinical Chemistry of the University Hospital of

Ioannina, under regular quality control procedures including

the use of reference pools and blinded duplicate samples.

The Laboratory of the University Hospital of Ioannina is

currently participating in external quality assurance ser-

vices (EQAS) programme provided by Bio-Rad Labora-

tories, Inc.

Statistical Analysis

Each value is given as mean ± standard deviation (SD)

and median (range) for parametric and non parametric data,

respectively. Analysis of covariance (ANCOVA), adjusted

for baseline values, was used for comparisons between

treatment groups. Spearman’s correlation coefficients were

used to describe the relationship of TG reduction with age,

waist circumference, BMI, HOMA index, lipid and apoli-

poprotein levels (univariate analysis). Stepwise multivari-

ate linear regression analyses were performed to assess in

each treatment group the independent contribution of the

variables that significantly associated with TG reduction in

univariate analysis.

The results were analyzed after excluding the eight

patients who dropped out during the study. Significance

was defined as p \ 0.05. All analyses were carried out with

SPSS 15.0 (SPSS Inc., Chicago, IL, USA).

Results

We enrolled 94 patients (70 females and 24 males, mean

age 55 ± 10 years). Of these, 8 (8.5%) did not complete

the study. Baseline characteristics did not differ between

the three groups [12].

As previously shown [12], significant in-group changes

were observed for BMI and waist circumference at

6 months [12]. There were significant in-group reductions

in plasma levels of TC, LDL-C, TG and apoB. Levels of

HDL-C and apoA-I were not significantly changed at

6 months in any group [12].

In E and OE groups plasma apoC-II (E group: from 4.6

to 4.1 mg/dl, p \ 0.05; OE group from 4.8 to 4.2 mg/dl;

p \ 0.05) and apoC-III (E group: from 11.4 to 9.9 mg/dl,

p \ 0.05; OE group from 11.7 to 9.8 mg/dl; p \ 0.05)
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levels were significantly reduced. In O group a significant

reduction of plasma apoC-III concentrations was observed

(from 11.9 to 10.7 mg/dl, p = 0.01). In this group plasma

apoC-II levels were not significantly changed (from 4.9 to

4.8 mg/dl, p = NS). The reduction of apoC-II levels in E

and OE groups was significantly greater compared with O

group. The reduction of apoC-III levels was significantly

greater in OE group compared with O group.

There were significant in-group reductions in serum TG

levels in all treatment groups. We observed a significantly

greater TG reduction in the combination group compared

with each monotherapy [12]. Stepwise multiple linear

regression analysis revealed that in E group, apoC-III

reduction and baseline TG levels were significantly and

independently positively correlated, while baseline apoC-II

levels were negatively correlated, with TG reduction. In O

group, the alterations in apoC-III levels and the baseline

TG concentration were independently positively correlated,

while the baseline apoC-II levels were negatively corre-

lated with TG lowering (Table 1). In OE group alterations

in apoC-III levels were independently and significantly

positively correlated with TG lowering (Table 1).

Discussion

Multivariate analysis showed that the TG lowering during

ezetimibe treatment is independently positively associated

with the apoC-III reduction and the baseline TG levels,

while it is negatively associated with the baseline apoC-II

concentration in obese hypercholesterolemic patients.

ApoC-III is an 8.8 kDa glycoprotein secreted mostly by the

liver and, to a lesser extent, by the intestine [15]. ApoC-III

is a major component of TG-rich lipoproteins (chylomi-

crons and VLDL) and HDL. ApoC-III is considered a

regulator of lipolysis through non-competitive inhibition of

endothelial-bound lipoprotein lipase (LPL) [16, 17]. This

enzyme hydrolyses triacylglycerols in TG-rich lipoproteins

[3, 15]. Individuals lacking apoC-III have low TG levels

[17–20]. ApoC-III at high concentrations may also inhibit

hepatic lipase (HL), an effect that reduces further the

lipolysis and uptake of TG-rich lipoproteins by the liver

[15]. Therefore, apoC-III plays a key role in TG-rich

lipoprotein metabolism and, consistent with the multivari-

ate analysis, is a major factor responsible for TG alterations

during ezetimibe treatment.

Baseline TG levels were an independent contributor to

TG alterations during ezetimibe treatment. It has been

shown that ezetimibe induces greater TG reductions in

patients with higher baseline TG levels [12, 21, 22]. Gen-

erally, baseline TG levels are associated with TG reduction

during treatment with drugs which exhibit hypolipidemic

activity. For example, our study group showed that base-

line TG levels were the most important contributor to TG

reduction during rosuvastatin administration [23]. Various

mechanisms have been proposed to support these obser-

vations. Specifically, the conformation of apoE contained

on VLDL in hypertriglyceridemic states is different than

that of VLDL in normotriglyceridemic conditions and

seems to have greater affinity to the LDL-receptor [24, 25].

Additionally, in normotriglyceridemic individuals there is a

shorter resident time of VLDL, which results in VLDL

particles to acquire less apoE from HDL by transfer [26].

These apoE-depleted VLDL particles exhibit less affinity

to the LDL receptor [26, 27]. Ezetimibe localizes at the

brush border of the small intestine and selectively inhibits

cholesterol absorption from the intestinal lumen into

enterocytes [4]. Kinetic studies suggested that in subjects

with primary hypercholesterolemia, ezetimibe-induced

inhibition of intestinal cholesterol absorption led to

decreased chylomicron formation and delivery to the liver

and subsequent upregulation of hepatic LDL receptor

activity [28, 29]. Thus, during ezetimibe treatment (and

subsequent upregulation of hepatic LDL receptor activity)

individuals with normal TG levels may exhibit less apoE-

mediated clearance of the VLDL compared with patients

with high TG levels.

Multivariate analysis also showed that baseline apoC-II

concentration was negatively associated with TG altera-

tions during ezetimibe treatment. ApoC-II is considered an

important activator of LPL [30–32]. Patients with genetic

defects in the structure or production of apoC-II exhibit a

high plasma TG concentration and are phenotypically

indistinguishable from patients with LPL deficiency

[33, 34]. Plasma apoC-II is present in human plasma at a

physiological concentration of approximately 4 mg/dl [1].

However, at high protein concentrations ([4 mg/dl), such

as those observed in our study, apoC-II was demonstrated

to inhibit LPL activity rather than stimulate it [35].

Additionally, apoC-II at high concentration has been

reported to inhibit the apoE- and apoB-mediated clearance

of the TG-rich lipoproteins via the LDL-receptor [1, 36, 37].

Table 1 Multivariate regression analysis for the prediction of TG

reduction

Parameter Group O Group E Group OE

Beta p Beta p Beta p

Changes in apoC-III 0.45 0.02 1.21 \0.001 0.59 0.01

Baseline TG 0.29 0.03 0.44 \0.01 0.33 0.14

Baseline apoC-II -0.18 0.04 -0.41 0.02 -0.47 0.17

Only significant correlations are shown. Variables included in the

model are those which were significantly correlated with triglyceride

reduction in univariate analysis

E ezetimibe, O orlistat, OE ezetimibe ? orlistat, TG triglycerides,

apo apolipoprotein

Lipids (2010) 45:445–450 447
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Therefore, we assume that the increased concentration of

apoC-II in our subjects minimized the ezetimibe-induced

(due to up-regulation of LDL receptors) apoE- and apoB-

mediated clearance of the TG-rich lipoproteins.

Orlistat is a potent and specific inhibitor of intestinal

lipases that are responsible for the breakdown of dietary

TG into fatty acids and monoglycerides, which are then

absorbed [6]. Several studies showed that orlistat admin-

istration improves the lipid profile in patients with hyper-

cholesterolemia [6, 38]. This drug mainly improves

postprandial lipoprotein metabolism (reduces the concen-

tration of chylomicrons and VLDL), which in turn

decreases the delivery of dietary lipid and fatty acids to the

liver and subsequently upregulates the hepatic LDL

receptors [39, 40]. Our study group has investigated the

factors contributing to TG reduction during orlistat treat-

ment in obese subjects with MetS [41]. In accordance with

the present results, we showed that baseline TG levels

consist an independent positive contributor and baseline

apoC-II concentration is an independent negative contrib-

utor to TG reduction during orlistat treatment. However,

multivariate analysis in the present study revealed that

apoC-III alterations consist the major contributing factor to

TG reduction. This effect was not observed when orlistat

was given to obese patients with MetS. In the present

study, TG levels were lower than the previous study (151

vs. 216 mg/dl at baseline). Hence, the finding of the present

study that apoC-III is an independent contributor to TG

reduction during orlistat treatment may be attributed to the

different baseline TG concentration compared with the

previous study.

The results of multivariate analysis showed that in

ezetimibe and orlistat combination group TG lowering was

significantly and independently associated with apoC-III

alterations. It seems that the additive effect of these drugs

on TG concentration is only dependent on the greater

reduction in apoC-III levels compared with each

monotherapy.

In the present study we show that ezetimibe adminis-

tration, alone or combined with orlistat, decreases plasma

apoC-II and apoC-III in obese patients with hypercholes-

terolemia. Apolipoproteins C-II and C-III are secreted

mostly by the liver and, to a lesser extent, by the intestine.

The mechanism of action of ezetimibe, that is inhibition of

intestinal cholesterol absorption, leads to a reduction in

chylomicron formation [29]. We speculate that this

reduction is accompanied by a decrease in the synthesis of

apoC-II and apoC-III (which are constituents of chylomi-

crons) by the intestine. Orlistat also acts via improvement

of postprandial lipoprotein metabolism and may reduce

apoC-III plasma levels with a similar mechanism. The dual

inhibition of intestinal lipid and cholesterol absorption by

the combination of orlistat and ezetimibe may further

improve TG-rich lipoproteins metabolism, a fact that may

explain the greater impact of this combined treatment on

apoC-II and apoC-III reduction. However, the improve-

ment of postprandial metabolism by both drugs leads to

alterations of hepatic lipoprotein production (for example

of VLDL) and, consequently, changes in the production of

apoCs by the liver cannot be excluded. Additionally, the

weight loss observed in all three groups taking part in the

present study may play a significant role, since weight

reduction results in a significant decrease in apoC-III levels

[42].

The reduction of apoC-II and apoC-III plasma concen-

trations may be of clinical significance, since it has been

shown that the levels of these apolipoproteins were a potent

predictor of cardiovascular disease (CVD) risk in patients

with type 2 diabetes mellitus [43, 44] and patients with

coronary heart disease [45, 46]. Furthermore, increased

plasma levels of apoC-III lead to delayed catabolism of

TG-rich lipoproteins and hypertriglyceridemia, which

contribute to elevated CVD risk. In the Monitored Ath-

erosclerosis Regression study, in which 220 subjects with

angiographically proven coronary heart disease received

lovastatin or placebo treatment, the on-trial level of non-

HDL-apoC-III in lovastatin group was the only indepen-

dent of plasma TG concentration risk factor associated with

progression of mild/moderate lesions [47]. Moreover, in a

case–control analysis of 418 patients from the Cholesterol

and Recurrent Events (CARE) trial who had a myocardial

infarction or coronary death and 370 control subjects

without a CVD event, non-HDL-apoC-III and TG levels

were predictors of subsequent coronary events [48]. Fur-

thermore, there is evidence that apoC-III exerts a direct

effect on vascular and inflammatory functions, such as

induction of adhesion molecules in vascular endothelial

cells and activation of nuclear factor-kB [15]. Based on this

evidence, the greater impact of ezetimibe plus orlistat

administration on apoC-III compared with orlistat mono-

therapy should be taken into account when assessing the

probable clinical benefit of this combination treatment.

In the present study we did not measure LPL activity or

mass. We also did not measure apoB-48 levels as an index

of chylomicron formation. Kinetic studies looking at both

synthesis and catabolism of the apoCs are needed to

examine the effects of ezetimibe and orlistat on apoCs and

TG metabolism.
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Abstract We characterized the glucosylceramide moie-

ties from maize and rice using liquid chromatography-ion

trap mass spectrometry. Glucosylceramides containing

4,8-sphingadienine (d18:2) acylated to hydroxy-fatty acids

were detected as the predominant molecules both in maize

and in rice. In addition, 4-hydroxy-8-sphingenine (t18:1)

and sphingatrienine (d18:3) were found in maize and rice

glucosylceramides, and in the case of rice, sphingenine

(d18:1) was also detected. Glucosylceramides containing

d18:3 were acylated to hydroxyl fatty acids (16–24 carbon

atoms). Our results indicate the presence of the triene type

of sphingoid base in higher plants.

Keywords HPLC (High performance liquid

chromatography) �Mass spectrometry (MS) � Plant lipids �
Glycosphingolipids � Sphingoid bases

Abbreviations

d18:0 Sphinganine

d18:1 Sphingenine

d18:2 Sphingadienine

d18:3 Sphingatrienine

t18:0 Phytosphingosine

t18:1 Hydroxysphingenine

HPLC High-performance liquid chromatography

MS Mass spectrometry

Introduction

Sphingolipids are found in a wide variety of organisms,

and constitute a family of compounds that have a

sphingoid base (long-chain base) with an amide-linked

fatty acid and a polar head group. The hydrolyzed prod-

ucts of sphingolipids (ceramides and sphingoid bases) are

highly bioactive compounds that play roles as second

messengers that are known to be involved in many

aspects of cell regulation, such as cell growth, cell dif-

ferentiation and apoptosis [1–3]. Recently, dietary sphin-

golipids have gained attention for their potential to protect

the intestine from inflammation and cancer [4–9]. In

addition, other physiological functions of sphingolipids,

such as improving the barrier function of skin, lowering

plasma lipids and prevention of melanin formation, have

also been reported [10–12].

Diverse structures of the sphingoid base occur in nature.

The most common sphingoid base of mammalian sphin-

golipids is sphingosine (trans-4-sphingenine, d18:14).

Smaller amounts of other sphingoid bases, such as sphin-

ganine (dihydrosphingosine, d18:0) and phytosphingosine

(4-hydroxysphinganine, t18:0) are frequently encountered.

The structures of sphingoid bases in higher plants are more

complicated than in mammals [13]. Plants primarily con-

tain cis- and trans-isomers of D8-unsaturated sphingoid

bases, such as 8-sphingenine (d18:18), 4,8-sphingadienine
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(d18:24,8) and 4-hydroxy-8-sphingenine (t18:1). Determi-

nation of those diverse structures including variations of

the sphingoid backbone is important to understand the

functional and nutritional significance of dietary

sphingolipids.

Mass spectrometry is one of the most powerful methods

for detecting and identifying the chemical structures of

lipids including sphingolipids [14–16]. In this study, we

characterized the structures of glucosylceramide, one of the

predominant glycosphingolipids in plants, from rice and

from maize using liquid chromatography-ion trap mass

spectrometry. Our results demonstrate the presence of

sphingatrienine (d18:3) in higher plants, which has been

described previously in marine invertebrates [17–19] and

has been found in tobacco leaf [20].

Experimental Procedures

Materials

Glucosylceramides were prepared from maize grain and

from rice grain using a silica gel column after lipid

extraction and saponification as described previously [21].

All other chemicals and solvents were of reagent grade.

LC–MS/MS Analyses

An HPLC system coupled to an LCMS-IT-TOF spec-

trometer equipped with an electrospray ionization interface

(Shimadzu, Kyoto, Japan) was used. A TSK gel ODS-100Z

column (2.0 9 50 mm, 3 lm, Tosoh, Tokyo, Japan) was

eluted with acetonitrile/water (93:7, v/v) at a flow rate of

0.2 mL/min. The MS was operated with the following

conditions: probe voltage of 4.50 kV, CDL temperature of

200�C, block heater temperature of 200�C, nebulizer gas

flow of 1.5 L/min, ion accumulation time of 100 ms, MS

range of m/z 650–900, MS2 range of m/z 200–300, and CID

parameters as follows: energy, 60%; collision gas 60%. For

the structural analysis of glucosylceramide, [M ? H - 18]?

(loss of water) in the positive scan mode was used for

MS/MS analysis to obtain the product ions. The typical

signals which are characteristic for the sphingoid base

moieties were observed as the product ions using the auto

MS/MS detection mode. In this system, product ions cor-

responding to d18:1, d18:2 and d18:3 were m/z 264.3, 262.3

and 260.2, respectively [14–16]. In the case of glucosyl-

ceramide molecules consisting of t18:1, the loss of glucose

[M ? H - 162]? was used as the precursor ion and the

product ions corresponding to t18:1 were m/z 280.3 and

262.3 [16]. Pairs of the structurally specific product ions of

sphingoid bases and their precursor ions were used for the

identification of glucosylceramide molecules.

Results and Discussion

In the positive full scan mode, [M ? Na]?, [M ? H]? and

[M ? H - H2O]? were the predominant signals in each

peak. It is well known that the sugar moiety of glycosyl-

ceramides in plants is mostly glucose [22]. In the case of

molecules consisting of t18:1, the loss of glucose

[M ? H - 162]? was also clearly detected. Glucosylcer-

amide molecules containing d18:2 and t18:1 were deter-

mined both in maize and in rice as described previously

(Figs. 1a, 2a) [16]. In the case of rice glucosylceramide,

molecules consisting of d18:1 were also identified.

Detection of glucosylceramide consisting of d18:2 and

t18:1 was separated into two peaks, cis- and trans-isomers

of D8-unsaturated sphingoid bases. Cis-isomer was detec-

ted earlier than trans-isomer by separation of the reverse

phase [20]. Predominantly hydroxy fatty acids containing

16–26 carbon atoms were detected both in maize and in

rice glucosylceramides.

We verified that the characteristic product ion at m/z

260.2 corresponding to d18:3 was detected in maize glu-

cosylceramide using the auto MS/MS detection mode

(Fig. 1a). Five peaks in the total ion chromatogram of

maize glucosylceramide showed the product ion at m/z

260.2 (peak 1–5 in Fig. 1a). The MS spectra of those 5

peaks are shown in Fig. 1b–f. As the precursor ion of m/z

260.2, [M ? H - 18]? ions at m/z 694.5, 722.5, 750.6,

778.6 and 806.6 were detected. The identification of each

peak component is summarized in Table 1. The acylated

fatty acid moieties were hydroxy fatty acids with 16–24

carbon atoms. In the case of rice, glucosylceramide con-

sisted of d18:3-C18:0h and d18:3-C20:0h (Fig. 2; Table 1).

It has been reported that the sphingoid bases in marine

invertebrates are quite different from those in mammals

and in plants [13]. Triene bases with conjugated diene,

such as 2-amino-4,8,10-octatriene-1,3-diol (d18:3) and

2-amino-9-methyl-4,8,10-octatriene-1,3-diol (d19:3), were

identified in marine invertebrates including ascidians [17],

starfish [18, 19] and squid [23] and also some fungi [24].

We have also reported that sea cucumber glucosylceramide

has sphingoid bases with three double bonds [25]. Sperling

et al. [20] described the presence of sphingatrienine in

tobacco leaf by HPLC analysis of a sphingoid base deriv-

atized with dinitrophenyl. In this study, we identified sev-

eral molecular species of sphingatrienine-containing

glucosylceramides in maize and rice by LC–MS/MS sys-

tem. However, the locations of double bonds in sphing-

atrienine structure have not been identified. Sphingolipids

of plant organisms contain primarily d18:18, d18:24,8 and

t18:18 as sphingoid bases and sphingolipid D4-desaturase

and sphingolipid D8-desaturase have been identified in

plants [22]. It has been reported that the composition of

sphingoid bases differs between chilling sensitive and
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tolerant plants [26]. Details of tissue distribution, synthetic

pathways and functions of plant sphingatrienines remain to

be elucidated.

Recently, dietary sphingolipids have gained attention for

their potential to protect the intestine from inflammation

and cancer [4–9]. We reported that the daily intake of

plant-origin glucosylceramides in Japan is estimated to be

50 mg due to their presence in foodstuffs [27] and we

investigated the digestion and absorption of plant-derived

sphingolipids [21]. Our findings indicate that the metabolic

fate of plant-derived sphingoid bases, such as 4,8-sphing-

adienine, within enterocytes differs from that of sphingo-

sine. Sphingoid bases, except for sphingosine, appear to be

transported out of cells across the apical membranes of

enterocytes by P-glycoprotein after absorption and conse-

quently the intestinal uptake is quite poor [28, 29]. Thus,

the determination of sphingolipid structures, including

variation of the sphingoid backbone, from dietary sources
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Fig. 1 Total ion and selected

ion chromatograms of maize

glucosylceramide (a) and mass

spectra of peak components

(b–f)

Table 1 Glucosylceramides

containing sphingatrienine

(d18:3) from maize and from

rice identified by HPLC–MS/

MS analysis

Peak no. in Figs. 1 and 2 Precursor ion m/z Product ion m/z Molecule Source

[M ? H]? [M ? H - 18]?

1 712.5 694.5 260.2 d18:3-C16:0h Maize

2 740.5 722.5 260.2 d18:3-C18:0h Maize, rice

3 768.6 750.6 260.2 d18:3-C20:0h Maize, rice

4 796.6 778.6 260.2 d18:3-C22:0h Maize

5 824.6 806.6 260.2 d18:3-C24:0h Maize
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is important to understand their functional and nutritional

significance.

In this study, we analyzed the chemical structures of

glucosylceramides from maize and from rice using liquid

chromatography-ion trap mass spectrometry. Our results

indicate the presence of sphingatrienine (d18:3) in higher

plant sphingolipids. MS/MS analysis is a powerful method

for identifying the molecular structures of sphingolipids

from biological sources.
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Abstract A new C18-ceramide congener named pecipa-

mide (1), together with the known ergosta-4,6,8(14),22-

tetraen-3-one (2), was isolated from the solid fermentations

of the basidiomycetous fungus Polyporus picipes. The

structure of the new metabolite was established as

(20R,2S,3R)-N-20-hydroxyheptadecanoyl-2-amino-octade-

cane-1,3-diol on the basis of spectroscopic data, including

1D- and 2D- nuclear magnetic resonance spectroscopy

(NMR) experiments, as well as by means of mass spec-

trometric measurements (MS).

Keywords Sphingosine � Pecipamide � Ceramide �
Fungal metabolites � Polyporus picipes � Basidiomycetes

Abbreviations

CC Column chromatography

COSY Correlation spectroscopy

DEPT Distortionless enhancement by polarization

transfer

ESI-MS Electrospray ionization-mass spectroscopy

FAB-MS Fast atom bombardment-mass spectrometry

HMBC Heteronuclear multiple bond correlation

HMQC Heteronuclear multiple quantum correlation

HR High resolution

MS Mass spectrometric measurements

mNBA meta-Nitrobenzyl alcohol

NMR Nuclear magnetic resonance spectroscopy

PDA Potato dextrose agar

TLC Thin layer chromatography

Introduction

Sphingolipids constitute a biologically important class of

compounds [1, 2]. These lipids have been reported from all

groups of organisms thus far analyzed, including marine

organisms [3–8], plants [9–11], and fungi [12–16]. Sphin-

golipids, e.g., ceramides, sphingomyelin, cerebrosides and

gangliosides, are important building blocks of the plasma

membrane of eukaryotic cells. Their function is to anchor

lipid-bound carbohydrates to cell surfaces and to create an

epidermal water permeability barrier, as well as to partic-

ipate in antigen–antibody reactions and transmission of

biological information [1]. Some of these metabolites

have been reported to display a wide range of biological

activities, such as antihepatotoxic [9], cytotoxic [5–7],

antitumor [7], immunostimulatory [8], antifungal [7],

antimicrobial [6, 17], antiviral or Ca2? ATPase [18], and

anti-inflammatory effects [19].

In recent years, renewed attention has been paid to the

constituents of higher basidiomycetes because of their

possible medical usage [2, 20]. For examples, antiviral,

antibiotic, antiinflammatory, hypoglycemic, hypocholeste-

rolemic, and hypotensive properties were ascribed to

ingredients of such mushrooms [2, 21, 22]. The mushroom

Polyporus picipes (family Polyporaceae) has some
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activities, including inhibiting cancer, enhancing immunity,

softening blood vessels, preventing aging of the heart, as

well as improving brain memory function. No phytochem-

ical study of this fungus has previously been carried out.

In a continuation of our investigation into bioactive

fungal metabolites, especially lipids from higher fungi

(macrofungi) [12–16], a new ceramide, (20R,2S,3R)-N-20-
hydroxyhepta-decanoyl-2-amino-octadecane-1,3-diol (1),

was isolated from the solid fermented cultures of P. pici-

pes, along with a sterone, ergosta-4,6,8(14),22-tetraen-3-

one (2) [23]. Herein, we report the isolation and structural

elucidation of the new ceramide.

Results and Discussion

The AcOEt-soluble fraction of AcOEt-MeOH-HAc extract

from the solid cultures of P. picipes was subjected to

repeated CC to yield compounds 1 and 2. The structure of

new compound 1 was elucidated as follows (Fig. 1).

Compound 1 was isolated as white needle crystals. It

gave pseudo-molecular ion peaks [M–1]- at m/z 568 and

[M–1 ? MNBA (m-nitrobenzyl alcohol, Mr = 153) as

matrix]- at 721 in the negative ion FAB-MS spectrum and

[M ? Na]? at m/z 592 in the positive ion ESI-TOF-MS

spectrum, indicating a molecular weight of 569. It has a

molecular formula C35H71NO4, established by a quasi-

molecular ion peak [M ? Cl–2H]- at m/z 602.4904 (calc.

602.4915 for C35H69NO4Cl) in the HR-FAB-MS (negative-

ion mode), combined with 13C- and 1H-NMR data. The IR

spectrum showed absorption bands for a secondary amide

(1,625, 1,545 cm-1) and hydroxyl (3,434 cm-1) function-

alities. The 1H- and 13C-NMR spectral data of 1 indicated

the presence of an amide linkage and two long chain ali-

phatic moieties, suggesting the sphingolipid nature of the

molecule (Table 1).

The overlapped signals of aliphatic methylenes at d
1.18–1.34 in the 1H-NMR spectrum and at d 29.67–30.21

in the 13C-NMR spectrum were observed. Moreover, the
1H-NMR spectrum presented signals attributable to two

terminal methyl groups at d 0.81 (6H, brt, J = 6.64 Hz),

one methylene group at d 3.94 (1H, dd, J = 10.9, 4.3 Hz,

H-1) and 3.70 (1H, dd, J = 10.9, 5.3 Hz, H-1), and three

methines at d 3.74 (1H, m, H-3), 4.06 (2H, m, H-2 and

H-20), indicating the presence of two long aliphatic chains

instead of the branched chain [16]. A downfield doublet

appearing at d 7.25 (1H, d, J = 7.84 Hz) was assigned to

an amide NH. In addition, the 13 C-NMR and DEPT spectra

showed the existence of characteristic signals, an amide

carbonyl group [d 174.56 (CONH, C-10)], three methine

groups [d 53.71(CHNH, C-2), 73.88 (CHOH, C-3), 72.34

(CHOH, C-20)], and one hydroxymethyl group [d
62.31(CH2OH, C-1)] in this molecule (Table 1). The

aforementioned data implied that compound 1 is a cera-

mide derivative [12–15]. Detailed analysis of the 1H-1H

COSY spectrum (in pyridine-d5) of compound 1 indicated

connectivities for the H2-1 was found to be coupled with

H-2, which in turn was coupled with H-3, H-4, and an

amide proton, and for the H-20 was found to be coupled

with H-30. Interpretation of HMBC spectrum revealed

correlations from an amide proton (CONH) to C-10; and

H-20 to C-10 (Fig. 2).

HO

NH

OH

O

OH

18

17

1

1'
2'

1
2

3

Fig. 1 Structure of compound 1

Table 1 1H- (400 MHz) and 13C-NMR (100 MHz) data of 1 in

CDCl3

Position 13C (DEPT) 1H (J in Hz)

1 62.31 (CH2) 3.70 (dd, J = 10.9, 5.3)

3.94 (dd, J = 10.9, 4.3)

2 53.71 (CH) 4.06 (m)

3 73.88 (CH) 3.74 (m)

4 31.90 (CH2) 1.71 (m)

5 25.99 (CH2) 1.45 (m)

6–15 29.67–30.21 (CH2) 1.18–1.34 (brs)

16 31.93 (CH2)

17 22.67 (CH2)

18 14.11 (CH3) 0.81(t, J = 6.64)

CONH 7.25 (d, J = 7.84)

10 174.56 (C)

20 72.34 (CH) 4.06 (m) (overlapping)

30 34.77 (CH2) 1.32 (m)

40–140 29.67–30.21 (CH2) 1.18–1.34 (brs)

150 31.93 (CH2)

160 22.67 (CH2)

170 14.11 (CH3) 0.81 (t, 6.64)

HO

NH

OH

O

OH
2'

2

3
4

Fig. 2 Key COSY and HMBC interactions in compound 1
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The lengths of the long chain base and the fatty

acid were determined by FAB-MS. The negative

FAB-MS presented the characteristic fragments at m/z

269[C15H30CH(OH)CO]- and 284 [C15H30CH(OH)-

CONH ? H]- in this molecule (Fig. 3), suggesting that the

long chain base and fatty acid of 1 should be 2-amino-

octadecane-1,3-diol and 2-hydroxyheptadecanoic acid,

respectively. Methanolysis of compound 1 afforded the

fatty acid methyl ester, which exhibited a base peak at m/z

300 [M?] and an ion at m/z 241 [M–COOCH3]? in the

EIMS. This established the molecular weight of the fatty

acid fragment to be 286. The structure of the acyl moiety

was determined to be 2-hydroxyheptadecanoic acid.

The relative stereochemistry at C-2, C-3 and C-20 were

deduced to be 2S,3R and 20R, respectively, identical to that

of D-sphingosine on the basis of 13C-NMR spectral data,

since the chemical shifts of C-2 (d 53.71), C-3 (d 73.88),

and C-20 (d 72.34) were in agreement with those of the

previously reported natural product, (20R,2S,3R)-N-20-
hydroxyoctadecanoyl-2-amino-9-methyl-heptadecadiene-

1,3-diol (d 54.4, 74.4, and 72.4), a ceramide that was

isolated from the mushroom Ramaria botrytis [24], and

with those of other related compounds [25, 26], in con-

nection with their optical rotations of 1 ([a]D ? 2.3) and

the natural relative ([a]D ? 7.4) [24]. On the other hand,

biogenetically, in higher mushrooms, these ceramides all

have common biosynthetic pathways [15]. So, this new

compound in the current study has a relative configuration

of 2’R,2S,3R tentatively determined. In view of these

evidence, thus, the structure of 1, which we named as

pecipamide, was elucidated as (20R,2S,3R)-N-20-hydro-

xyheptadecanoyl-2-amino-octadecane-1,3-diol.

Sphingolipids are ubiquitous membrane constituents of

animals, plants, and also lower forms of life, the principal

component of which is the long chain base or sphingoid

base. In nature, the most widely occurring sphingoid

bases are D-erythro-4E-sphingenine, 4-hydroxysphinganine

(phytosphingosine), and 9-methyl-4E,8E-sphingadienine

[12–16], whereas in higher mushrooms and other basidio-

mycetes, D-erythro-sphinganine is an uncommon minor

sphingoid base. Fungal sphingolipids consist of phyto-

sphingosine in the ceramide moiety instead of sphingosine,

which is mainly present in mammals [27].

The present investigation demonstrated the presence in

Polyporus picipes of a previously unrecognized sphingo-

lipid, consisting of D-erythro-sphinganine in an amide

linkage with a hydroxyl C17-fatty acid. To our knowledge,

this seems to be the first time that a D-erythro-sphinganine-

type ceramide has been identified from the higher fungi.

Experimental Section

General Experimental Procedures

Optical rotations were measured on a PerkinElmer Model

341 polarimeter. NMR experiments were performed on a

Bruker AM-400 or Bruker Avance-500 spectrometer with

TMS as the internal standard, in CDCl3, d in ppm, J in Hz.

Mass spectra were recorded on a VG Auto Spec-3000 (VG,

Manchester, UK) or an API QSTAR Pulsar 1 spectrometer.

IR spectra were recorded on a Bruker Tensor 27 spec-

trometer with KBr pellets. GC–MS with a Finnigan 4510

GC–MS system, at 70 eV for EI, a capillary column

(30 m 9 0.25 mm) packed with 5% phenyl and 95%

methyl silicone on HP-5, Carrier gas: He, Column tem-

perature: 160–240 �C, at 5 �C/min).

Column chromatography (CC) was performed on silica

gel (200–300 mesh; Qingdao Marine Chemical Ltd.,

Qingdao, People’s Republic of China) and Sephadex

LH-20 (Amersham Biosciences, Sweden). TLC analysis

was carried out on silica gel GF254 precoated plates (0.20–

0.25 mm; Qingdao) with detection by heating silica gel

plates sprayed with 10% H2SO4 in EtOH.
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( )9

+H

m/z 328

m/z 284 
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( )9

( )9

( )9

( )9

( )9
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Fig. 3 Proposed FAB-MS

(negative ion mode)

fragmentation pattern in

compound 1
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Producing Fungus

The mushroom strain of a basidiomycete Polyporus picipes

(S 0318) was isolated from a tissue culture of the fruiting

bodies of wild mushrooms collected at Laojunshan, Yun-

nan Province, P. R. China, in July 2003 and identified by

Prof. Da-Gan Ji, Kunming Institute of Botany, Chinese

Academy of Sciences. A voucher specimen was deposited

at the herbarium of Kunming Institute of Botany, Chinese

Academy of Sciences.

Fermentation

The P. picipes strain was maintained on a potato dextrose

agar slant (PDA) at 4 �C. The activated strain was inoculated

into 500-mL flasks containing 100 mL of a sterilized solid

medium consisting of glucose (20 g/L), peptone (3 g/L),

MgSO4�7H2O 0.5 (g/L), and KH2PO4 (1 g/L), and potato

extract prepared by extracting from 100 g of peeled potato

with 1 L of water boiled for 20 min. Stationary fermentation

was carried out at 28 �C under a humidity of 50–70%. After

38 days of fermentation, the cultures were harvested.

Extraction and Isolation

The solid cultures were ultrasonically extracted five times

with a mixture of AcOEt-MeOH-HAc (80:15:5). After

evaporation of the solvent, the resultant extract was parti-

tioned between water and EtOAc. The organic layers were

combined and concentrated in vacuo. The EtOAc residue

(4 g) obtained was subjected to a CC over silica gel and

eluted with CHCl3–MeOH (100:0 ? 70:30) in a gradient

elution manner to provide ten fractions (Fr1.–Fr10.) Fr5.

(167 mg) was passed through a Sephadex LH-20 column

(methanol) to obtain subfr.1–40. Subfr. 9–13 was subjected

to a CC on silica gel using CHCl3–MeOH (96:4), and a

Sephadex LH-20 column with CHCl3–MeOH (1:1), and

further purified by a CC over silica gel with CHCl3–ace-

tone (85:15) to furnish compound 1 (7 mg). Subfr. 34 was

subjected to a CC over silica gel with CHCl3-MeOH (95:5)

to yield ergosta-4,6,8(14),22-tetraen-3-one (2) (2 mg).

Methanolysis of Compound 1

Compound 1 (2 mg) was treated with 2.5 mL of 1 N HCl

in 82% MeOH and refluxed for 12 h. The reaction mixture

was extracted with hexane, and the hexane layer was

washed with water, dried, and evaporated to give methyl

2-hydroxyheptadecanoate, whose retention time (tR) was

18.9 min; EI-MS (70 eV) m/z (rel. int. %) 300 [M]?, 241

[M–COOMe]?. The data were identical to those published

earlier [13].

(20R,2S,3R)-N-20-hydroxyheptadecanoyl-2-amino-octa-

decane-1,3-diol (1). Amorphous white solid (chloroform).

[a]D
20 ? 2.3 (c = 0.1, acetone); 1H- and 13C-NMR data: see

Table. IR (KBr): mmax 3,434, 2,923, 2,850, 1,625, 1,545,

1,470, 1,070, 980, 714 cm-1. ESI-MS (positive ion mode)

m/z: 592.4 [M ? Na]?; FAB-MS (negative ion mode;

matrix: meta-nitrobenzyl alcohol, mNBA) m/z (%): 567

[M–2]- (100), 568[M–1]- (40), 721 [M–1 ? 153]-,

328 [M–C16H33O]- (2.7), 285 [C15H33CH(OH)CH-

CH2OH]-(5), 284 [C15H30CH(OH) CONH ? H]- (22.5),

269[C15H30CH(OH)CO]-(4), 242[C15H31CH(OH) ?H]-(9),

197 [C14H29]- (12); HR-FAB-MS m/z: 602.4904

[(M ? Cl–2H)-, calc. for C35H69NO4Cl: 602.4915].
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Erratum to: Lipids (2010) 45:285–290

DOI 10.1007/s11745-010-3388-1

In error, an incorrect version of Fig. 2a was published. The

y-axis of Fig. 2a was erroneously labeled, whereas

the description in the text contained the correct data. The

correct version of Fig. 2a is displayed below. These

changes do not impact the interpretation of the data.

The online version of the original article can be found under

doi:10.1007/s11745-010-3388-1.
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Fig. 2 NF-jB transcriptional activity and insulin sensitivity in

skeletal muscle cells after incubation with geometric and positional

C18:1 or C18:2 isomers. C2C12 myoblasts stably transfected with the

6jB-TK-luciferase construct were differentiated for 5 days and

incubated with 400 lmol/l of the indicated FAs for 24 h (a). Lysates

were prepared for assessment of luciferase activity. Values were

corrected for protein content and expressed as fold-induction over

control. Alternatively, 5 days differentiated L6-GLUT4myc myotu-

bes were incubated with and without the indicated fatty acids

(200 lmol/l, 16 h). Nuclear extracts were prepared and assessed for

RelA DNA binding activity to a consensus NF-jB oligonucleotide by

EMSA (b). Relative DNA binding activity was determined by

phosphor-imager analysis and expressed as fold induction. Further-

more, 2-deoxyglucose uptake (c) and GLUT4 translocation (d) were

measured after stimulation with 25 nmol/l insulin for 15 min in

5 days differentiated L6-GLUT4myc myotubes. Data are expressed as

percentage of insulin-stimulated glucose uptake or GLUT4 translo-

cation in absence of FA. Basal and insulin-stimulated conditions are

represented by the white and black bars, respectively. *p \ 0.05

versus control. #p \ 0.05 versus insulin-stimulated control. Data

shown are representative examples of three independent experiments
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Abstract During the last several years, intracellular lipid

droplets have become the focus of intense study. No longer

an inert bystander, the lipid droplet is now known as a

dynamic organelle contributing lipids to many cellular

events. However, while the dynamics of cholesterol efflux

from both the plasma membrane and lipid droplets have

been studied, less is known regarding the efflux of sphin-

gomyelin from these membranes. In order to address this

issue, sphingomyelin efflux kinetics and binding affinities

from different intracellular pools were examined. When

compared to the plasma membrane, lipid droplets had a

smaller exchangeable sphingomyelin efflux pool and the

time required to efflux that pool was significantly shorter.

Fluorescence binding assays revealed that proteins in the

plasma membrane and lipid droplet pool bound sphingo-

myelin with high affinity. Further characterization identi-

fied adipose differentiation-related protein (ADRP) as one

of the sphingomyelin binding proteins in the lipid droplet

fraction and revealed that ADRP demonstrated satura-

ble binding to 6-((N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)

amino)-hexanoyl)sphingosyl-phosphocholine (NBD-

sphingomyelin) and also 2-(6-(7-nitrobenz-2-oxa-1,

3-diazol-4-yl)amino)hexanoyl-1-hexadecanoyl-sn-glycero-

3-phosphocholine (NBD-phosphatidylcholine) with bind-

ing affinities in the nanomolar range. Taken together, these

results suggest that lipid droplet associated proteins such as

ADRP may play a significant role in regulating the intra-

cellular distribution of phospholipids and lipids in general.

Overall, insights from the present work suggest new and

important roles for lipid droplets and ADRP in phospho-

lipid metabolism.

Keywords Lipid droplets � Sphingomyelin � Efflux �
ADRP

Abbreviations

ADRP Adipose differentiation-related

protein

ACBP Acyl-CoA binding protein

NBD-sphingomyelin 6-((N-(7-nitrobenz-2-oxa-1,

3-diazol-4-yl)amino)-

hexanoyl)sphingosyl-

phosphocholine

NBD-phosphatidylcholine 2-(6-(7-nitrobenz-2-oxa-1,

3-diazol-4-yl)amino)hexanoyl-

1-hexadecanoyl-sn-glycero-

3-phosphocholine

Chol Cholesterol

SM Sphingomyelin

PL Phospholipid

TG Triacylglycerides

CE Cholesteryl ester

FFA Free fatty acid

PE Ethanolamine

glycerophospholipid

PI Phosphatidylinositol

PS Phosphatidylserine
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PC Choline glycerophospholipid

or phosphatidylcholine

PA Phosphatidic acid

Introduction

As defined by the body mass index, greater than one-third

of the American adult population is considered to be obese,

with a greater risk of developing cardiovascular disease

and diabetes [1–3]. When chronic over-nutrition leading to

obesity occurs, excess lipids are stored in intracellular

organelles called lipid droplets. Once thought to be simple

storage vesicles for neutral lipids, it is now clear that lipid

droplets serve as reservoirs for lipids and proteins involved

in many cellular processes. However, despite growing

awareness of the health problems associated with excessive

lipids in tissues and cells, details on the molecular mech-

anism of intracellular lipid storage remain unclear.

Lipid droplets have been the focus of increasing scrutiny

in the last decade and the subject of several reviews [4–6].

Lipid droplets are composed of a neutral lipid core sur-

rounded by a phospholipid monolayer, within which pro-

teins reside [7, 8]. Initially, the only known proteins were

the perilipins [7], adipose differentiation-related protein

(ADRP) [9, 10], P200 capsule protein [11, 12], and vimentin

[11]. Proteomic analysis later revealed associations with

proteins involved in cell signaling, cholesterol/fatty acid

metabolism, and membrane trafficking [13–15]. Caveolin

proteins, normally found in flask-like invaginations of the

plasma membrane called caveolae, were also present.

However, while the function of plasma membrane caveolins

in binding and facilitating the transport of cholesterol and

fatty acids is well-documented [16–19], it remains unclear

what role these proteins play in lipid droplet function.

In cells, the bulk of cholesterol and sphingolipids such

as sphingomyelin are in the plasma membrane, a lipid

bilayer where the deposition of cholesterol is defined by its

high affinity for the saturated acyl chains of sphingolipids.

Cholesterol and sphingomyelin are essential membrane

components, yet, excess levels are toxic and increase the

risk for arteriosclerosis. Therefore, the levels are strictly

regulated through several processes, including efflux, to

remove excess lipids from the cell and the body. As lipid

reservoirs, the regulation of cholesterol and sphingolipid

levels within lipid droplets is important to maintain lipid

homeostasis. However, while the dynamics of cholesterol

efflux from the plasma membrane and lipid droplets have

been studied [20], less is known regarding the efflux of

sphingomyelin from membranes. The present work was

undertaken to examine the efflux kinetics and binding

affinity of different intracellular sphingomyelin pools. The

results presented herein establish, for the first time, ADRP

as a phospholipid (sphingomyelin, phosphatidylcholine)

binding protein and define the affinity and capacity of

NBD-sphingomyelin for lipid droplet and plasma mem-

brane proteins.

Materials and Methods

Materials

Silica Gel G and Silica Gel 60 thin layer chromatography

(TLC) plates were from Analtech (Newark, DE) and EM

Industries, Inc. (Darmstadt, Germany), respectively. Neu-

tral lipid standards were purchased from Nu-Chek Prep, Inc.

(Elysian, MN), while phospholipid standards were obtained

from Avanti (Alabaster, AL). Rabbit polyclonal antiserum

to mouse ADRP was prepared as described [21]. Rabbit

anti-human caveolin-1 (cat. no. 610059) was purchased

from BD Transduction Laboratories (Palo Alto, CA).

Rabbit anti-human caveolin-2 (cat. no. NB100-79911) and

rabbit anti-human Na? K?-ATPase (cat. no. NB100-80005)

were purchased from Novus Biologicals (Littleton, CO).

Mouse anti-human cytochrome c oxidase (clone AS70, cat.

no. C9229) was purchased from Sigma (St. Louis, MO).

Mouse anti-human transferrin receptor (CD71, clone H68.4,

cat. no. 13-6800), NBD-sphingomyelin, Nile red, and NBD-

phosphatidylcholine were purchased from Invitrogen

(Camarillo, CA). Primary antibodies were diluted 1:1,000

for Western blot analysis. Human high-density lipoprotein

(HDL) was from Calbiochem (San Diego, CA). All reagents

and solvents used were of the highest grade available and

were cell culture tested.

L-Cell Culture

Murine L-cells (L arpt-tk-) were grown to confluency in

Higuchi medium [22] supplemented with 10% fetal bovine

serum (Hyclone, Logan, UT), as described in [23]. For

fluorescence imaging and efflux experiments, cells were

seeded at a density of 50,000 cells/chamber onto Lab-Tek

Chamber Coverglass slides (Nunc, Naperville, IL). To

ensure a monolayer, samples were examined within 20 h of

seeding. Lipid droplets were isolated from L-cells grown to

confluency on culture trays (245 9 245 9 25 mm, Nunc,

Naperville, IL), as described previously [8].

Laser Scanning Confocal Microscopy

Confocal and co-localized images were acquired on a Bio-

Rad (Hercules, CA) MRC-1024 Laser Scanning Confocal

Imaging System using multiple photomultiplier tubes
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under the control of LaserSharp v.3.2 software (Bio-Rad).

For probe excitation, the MRC-1024 system utilized a

15-mW krypton-argon laser (American Laser Corp., Salt

Lake City, UT) with a 5-mW output. Cells cultured on

Lab-Tek Chamber Coverglass slides were placed on the

stage of a Zeiss Axiovert 135 inverted epifluorescence

microscope (Zeiss, Thornwood, NY) and examined with a

639 oil-immersion, infinity objective (numerical aperture

1.4). For co-localization experiments, cells were incubated

with NBD-sphingomyelin (0.2 lM) and Nile red (0.1 lM)

for 10 min in a 37�C, 5% CO2 incubator. After incubation,

cells were washed with phosphate-buffered saline (PBS)

buffer and then sequentially imaged for NBD-sphingomyelin

(488 nm excitation, 540/30 emission, green channel)

and Nile red (568 nm excitation, HQ598/40 emission,

red channel). The confocal images from the green and

red channels were merged and appeared yellow where

superimposition occurred (red and green are additive

and yield yellow to orange in the RGB color space).

NBD-sphingomyelin was mainly localized to lipid droplets

and the plasma membrane, with other internal staining

evident after 20–30 min of incubation. Pixel fluorograms

were constructed and correlation coefficients used to esti-

mate the extent of probe overlap were determined from the

fluorograms as described previously [20]. Samples were

exposed to the light source for minimal time periods to

minimize photobleaching effects. The gain and black levels

of each photomultiplier tube were optimized to minimize

the levels of the autofluorescence signal and to increase the

dynamic range. Residual auto fluorescence remaining was

subtracted from the data. Image files were analyzed using

either Metamorph software (West Chester, PA) or NIH

Image, a program written by W. Rasband and available by

anonymous FTP from http://zippy.nimh.nih.gov.

NBD-Sphingomyelin Stability

In experiments performed to assess the stability of the

NBD-sphingomyelin probe, L-cells were grown to conflu-

ency on 35-mm tissue culture dishes as described above.

Cells were incubated with NBD-sphingomyelin (0.5 lM) in

PBS for 3 min at 37�C, after which the buffer was removed

and the cells washed with PBS to remove unincorporated

NBD-labeled probe. Thereafter, the cells were incubated in

PBS at 37�C for various timed intervals (0–60 min). At the

indicated time, the buffer was removed, the cells were

washed once with PBS before freezing, and then scraped

into n-hexane-2-propanol extraction solvent 3:2 (v/v) [24].

Polar lipids (including NBD-sphingomyelin) were sepa-

rated from neutral lipids using silicic acid columns washed

with chloroform–methanol 59:1 (v/v), followed by metha-

nol. The polar lipids were resolved on Silica Gel 60

TLC plates using chloroform:methanol:water:acetic acid

(150:112.5:6:10.5, v/v/v/v). NBD-labeled lipids were

visualized on the TLC plates under UV light at 360 nm

using an Alpha Innotech FluorChem Imager (San Leandro,

CA). Levels of NBD-sphingomyelin remaining at each

time point were compared to NBD-sphingomyelin at time

zero (initial concentration) to obtain the percentage of

NBD-sphingomyelin remaining in the cells.

NBD-Sphingomyelin Efflux

In order to perform the HDL-mediated NBD-sphingomyelin

efflux experiments, cells were loaded with NBD-sphingo-

myelin (0.2 lM) and Nile red (0.1 lM) in PBS buffer for

10 min in a 37�C, 5% CO2 incubator. After incubation, the

cells were washed with PBS buffer and then imaged

sequentially for NBD-sphingomyelin (488 nm excitation,

540/30 emission) and Nile red (568 nm excitation, HQ598/

40 emission). Lipid droplets were identified by morphology

and confirmed by Nile red and NBD-sphingomyelin

co-localization data. Once a suitable field of cells was

chosen, a medial section passing through 5–10 cells was

selected, and the section was scanned for the initial fluo-

rescence intensity of NBD-sphingomyelin. HDL (10 lg

HDL/mL) was added to start the efflux experiment. Since

stability studies indicated that greater than 85% of the

NBD-sphingomyelin probe remained intact after 40 min

incubation, all experiments were completed within

40 min. Fluorescence intensity in the total area of lipid

droplet and plasma membrane was measured over time

and was used to gauge the extent of NBD-sphingo-

myelin efflux from each cell compartment. Cells were

imaged and analyzed by Metamorph software to graphi-

cally determine the separate contributions of the efflux

process. Data points were fitted (R2 = 0.996) to the

following three-parameter, sigmoidal equation: y = A/

(1 - e-((t - t0)/b)), where y is the percentage of HDL-

mediated NBD-sphingomyelin efflux at time t, A indicates

the percentage of sphingolipid pool available for efflux,

1/b is an apparent rate constant (k), and t0 is the time

required to reach 50% of the maximal efflux, represent-

ing the half-time (t1/2) of the exchangeable pool. Half-

time and k values were apparent values due to depen-

dence on HDL acceptor concentrations. Using a nonlinear

least squares routine, all parameters were obtained

simultaneously from the fitted data. Unique fittings were

obtained individually for each time course involving

individual cells. Statistical methods involving the paired

t-test (GraphPad Prism, San Diego, CA) were used to

compare the parameters derived from lipid droplet and

plasma membrane efflux curves. Experiments were per-

formed in triplicate with n = 50–60 lipid droplets from

n = 25 cells. Values with P \ 0.05 were considered to

be statistically significant.
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Western Blot Analysis

Expression levels of lipid droplet (ADRP, caveolin-1,

caveolin-2), plasma membrane (Na?, K?-ATPase, trans-

ferrin), and mitochondrial (cytochrome c oxidase) protein

markers in homogenate and lipid droplet fractions isolated

from L-cells [8] were determined by Western blot anal-

ysis. In brief, cell homogenate (5 lg/lane) and lipid

droplet (10 lg protein/lane) proteins were subjected to

SDS-PAGE using 12% tricine gels before transferring to

0.45-lm nitrocellulose paper (Sigma Chemical Co., St.

Louis, MO) by electroblotting in a continuous buffer

system at 0.8 mA/cm2 for 2 h. After transfer, blots were

blocked in 3% gelatin in TBST (10 mM Tris–HCL, pH 8,

100 mM NaCl, 0.05% Tween-20) before incubation with

the primary antibodies. Alkaline-phosphatase conjugates

of goat anti-rabbit IgG and Sigma Fast 5-bromo-4-chloro-

3-indolyl phosphate/nitro blue tetrazolim tablets (Sigma,

St. Louis, MO) were used to visualize bands of interest.

Proteins were quantitated by densitometric analysis after

image acquisition using a single-chip CCD (charge-cou-

pled device) video camera and a computer workstation

(IS-500 system from Alpha Innotech, San Leandro, CA).

Image files were analyzed (mean 8-bit grayscale density)

using NIH Image, available by anonymous FTP from

http://zippy.nimh.nih.gov.

Lipid Analyses

Lipid droplets were isolated from L-cell fibroblasts as

described in [8]. Lipids from lipid droplets were extracted

with n-hexane-2-propanol 3:2 (v/v) and resolved into

individual lipid classes using Silica Gel G TLC plates

developed in petroleum ether:diethyl ether:methanol:acetic

acid 90:7:2:0.5 [8]. Total cholesterol, free fatty acid, tria-

cylglyceride, cholesteryl ester, and phospholipid content

were determined by the method of Marzo et al. [25].

Individual phospholipids, including phosphatidic acid

(PA), ethanolamine glycerophospholipid (PE), phosphati-

dylinositol (PI), phosphatidylserine (PS), choline glycero-

phospholipid (PC), and sphingomyelin (SM), were

resolved from total phospholipid (PL) samples in the fol-

lowing manner: PL were eluted from the Silica Gel G TLC

plates using chloroform:methanol:HCL (100:50:0.375, v/v/

v) and applied to Silica Gel 60 TLC plates, where indi-

vidual phospholipids were resolved using chloroform:

methanol:water:acetic acid (150:112.5:6:10.5, v/v/v/v).

Individual phospholipids were quantitated densiometrically

as described previously [26, 27]. Protein concentration was

determined by the method of Bradford from the dried

protein extract residue digested overnight in 0.2 M KOH

[28]. All glassware was washed with sulfuric acid-chro-

mate before use.

NBD-Sphingomyelin Binding Affinity

Lipid droplet and plasma membrane fractions were iso-

lated as described previously [8, 26]. To measure the

sphingomyelin and choline glycerophospholipid (phos-

phatidylcholine) binding affinities of membranes (lipid

droplet and plasma membrane) and lipid binding proteins

(ADRP, ACBP), a fluorescent ligand, saturation bind-

ing assay was performed with NBD-sphingomyelin and

NBD-phosphatidylcholine using a steady-state photon-

counting fluorimeter [29]. Briefly, the NBD-labeled lipid

(in 100 lM stock) was added incrementally (0.2–4.0 lL)

to membrane (50 lg), ADRP (180 nM), or ACBP (180

nM) protein aliquots equilibrated in phosphate buffer

(10 mM, pH 7.4). After each addition, the samples were

allowed to mix at 25�C for 3–4 min before exciting the

NBD-labeled probe at 480 nM. Fluorescence emission

spectra was recorded from 490 to 600 nm and integrated

after each aliquot addition. Corrections were made for

blank (without lipid droplet or plasma membrane present)

and background emission. The data were fitted using a

simple, single binding site model as in [30] to determine

binding capacities (Bmax) and binding affinities from the

Kd values. Since Bmax was protein-mass-dependant, values

were normalized by the protein mass for each sample.

Results

Intracellular Localization of NBD-Sphingomyelin

While it has been shown that NBD-labeled cholesterol and

filipin (a cholesterol analog) localize to lipid droplets in

living cells [8, 31], it was not known whether NBD-labeled

sphingomyelin targeted to the lipid droplet phospholipid

monolayer. Therefore, a series of experiments was per-

formed with NBD-sphingomyelin and Nile red, a lipid

droplet marker, to establish the intracellular localization of

sphingomyelin in living cells. The NBD-sphingomyelin

probe was initially observed in the plasma membrane,

followed by lipid droplets after 5–10 min (Fig. 1a). After

20 min, the presence of NBD-sphingomyelin was obser-

ved in areas resembling the endoplasmic reticulum (ER)

and Golgi apparatus. Nile red co-staining confirmed

NBD-sphingomyelin targeted to lipid droplets (Fig. 1b).

Overlap of Nile red with NBD-sphingomyelin was observed

as yellow to red pixels, indicating the co-localization of

probes (Fig. 1c). The extent of co-localization was quanti-

fied in pixel fluorograms where coefficients of overlap

indicated that 28% of the NBD-label co-localized with the

lipid stain (Nile red), while 64% of the Nile red was

co-localized with NBD-sphingomyelin (Fig. 1d). These

results were in agreement with NBD-sphingomyelin
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targeting to both the lipid droplet and plasma membrane

compartments.

HDL-Mediated NBD-Sphingomyelin Efflux from Lipid

Droplets and the Plasma Membrane

Since there are at least three different metabolic pathways

for sphingomyelin catabolism in cultured fibroblasts,

including: (1) degradation by sphingomyelinase in the

lysosome; (2) hydrolysis by cellular sphingomyelinase in

the plasma membrane to form ceramide and phosphoryl-

choline; or (3) hydrolysis of sphingomyelin to form lecithin

(review in [32]), it was necessary to determine the stability

of the NBD-labeled probe in culture. Stability studies were

performed as described in the ‘‘Materials and Methods’’ to

ensure that the NBD-labeled probe was intact during

the time frame of the efflux experiments. After 40 min

incubation of NBD-sphingomyelin in culture, more than

85% of the probe remained (data not shown). Therefore, all

experiments were kept under 40 min to ensure minimal

probe degradation.

HDL-mediated NBD-sphingomyelin efflux from lipid

droplets and the plasma membrane was next examined. The

existence of mobile pools of cholesterol in lipid droplets was

previously reported in [20], where the analysis of data from

HDL-mediated NBD-cholesterol efflux curves revealed that

lipid droplets contained two kinetic sterol domains, one with

t1/2 = 10–20 min and the other with t1/2 near 1 min, sug-

gesting vesicular- and protein-mediated sterol transfer,

respectively [20]. However, examining sterol domains

within the plasma membrane was not possible with NBD-

cholesterol since the probe was not observed in the plasma

membrane [20]. In contrast, NBD-sphingomyelin exhibited

a high fluorescence intensity in both plasma membrane and

Fig. 1 Intracellular distribution

of NBD-sphingomyelin and

Nile red in L-cell fibroblasts.

Co-localization patterns of

NBD-sphingomyelin and Nile

red were shown using pseudo-

coloring derived from confocal

image acquisition from red- and

green-specific PMT channels.

A 24-bit RGB image was

created from the red plus green

plus blue (null) channels. Red

and green are additive in the

RGB color space, yielding

yellow-orange. L-cell

fibroblasts stained with

NBD-sphingomyelin (a) and

Nile red (b) were combined to

yield yellow-orange (c) where

co-localization occurred.

Superimposition of the probes

was graphically demonstrated in

a pixel fluorogram (d). The

correlation coefficients

corresponding to red and green

were proportional to the degree

of fluorescence probe

co-localizing in each component

of the image relative to the total

fluorescence and indicated the

extent of probe overlap. The

cells were examined using the

Bio-Rad MRC-1024 confocal

system. Objective, 639
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lipid droplets (Figs. 1 and 2). Therefore, the relative distri-

bution of fluorescence in lipid droplets and the plasma

membrane during HDL-mediated sphingomyelin efflux

could be observed as in Fig. 2 at: 0 min (Fig. 2a), 20 min

(Fig. 2b), and 30 min (Fig. 2c) from the point of HDL

addition.

Next, cells were imaged and graphically partitioned to

separate the lipid droplet contribution from the plasma

membrane component of the cell as described in the

‘‘Materials and Methods’’ section. Kinetic analysis of

NBD-sphingomyelin fluorescence revealed that efflux from

the lipid droplet (Fig. 3, open circles) and the plasma

membrane (Fig. 3, closed circles) best fit to a multi-

parameter, sigmoidal equation (R2 = 0.996). Further

examination revealed that the maximal HDL-mediated

efflux from lipid droplets was less than that from the

plasma membrane, suggesting that lipid droplets contained

a smaller exchangeable sphingomyelin efflux pool.

Parameters derived from the lipid droplet and plasma

membrane efflux curves included the available NBD-

sphingomyelin pool size (A), rate constant (k), and time

required to reach 50% of maximal efflux (T0). A compar-

ison of the available sphingomyelin pool size (Table 1)

between lipid droplets and plasma membrane revealed not

only that lipid droplets had a smaller exchangeable pool

size (42.6 ± 1.1 vs. 81.9 ± 1.2), but also that the time

required to efflux that pool was 22% less in lipid droplets,

in keeping with a significantly faster lipid droplet versus

plasma membrane efflux rate constant (0.3 ± 0.03 vs.

0.18 ± 0.06, P \ 0.04).

The slower plasma membrane efflux parameters

may also, in part, be attributed to the efflux of NBD-

sphingomyelin from lipid droplets and other compartments

cycling through the plasma membrane [33]. These contri-

butions were included in the efflux measurements to ensure

that the natural dynamics of the cell were represented.

Thus, the kinetic domains of NBD-labeled sphingomyelin

within lipid droplets versus the plasma membrane exhib-

ited significant differences.

NBD-Sphingomyelin Binding Affinity for Proteins

in Isolated Membrane Fractions

In order to determine the affinity of proteins associated

with lipid droplets and the plasma membrane for sphin-

gomyelin, fluorescence binding assays were performed.

First, the purity and enrichment of isolated lipid droplets

and plasma membranes were determined by Western blot

Fig. 2 HDL-mediated NBD-sphingomyelin efflux in L-cell fibro-

blasts. Cells were labeled with NBD-sphingomyelin (0.2 lM) and

incubated with HDL (10 lg HDL/mL) to begin the efflux process.

a 0 min, b 20 min, and c 30 min after the addition of HDL. The

arrows indicate high-retention lipid droplets during the time course.

Cells were examined with the Bio-Rad MRC-1024 confocal imaging

system. Objective, 639
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Fig. 3 Percent efflux of NBD-sphingomyelin. The percentage of

HDL-mediated NBD-sphingomyelin efflux from the plasma mem-

brane and lipid droplet compartments of living cells was determined

as described in the ‘‘Materials and Methods’’ section. Data analysis of

NBD-sphingomyelin fluorescence showed that efflux from the lipid

droplet (open circles) and the plasma membrane (closed circles) best

fit the following sigmoidal equation: y = A/(1 - e-((t- -t0)/b)), where

y is the percentage of HDL-mediated NBD-sphingomyelin efflux at

time t, A indicates the percentage of sphingolipid pool available for

efflux, 1/b is an apparent rate constant (k), and t0 is the time required

to reach 50% of the maximal efflux, representing the half-time (t1/2)

of the exchangeable pool. Percentage efflux in the presence of

medium without HDL present is indicated by closed triangles
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analysis as described in [8, 26]. Protein expression of the

lipid droplet marker proteins ADRP (Fig. 4a), caveolin-1

(Fig. 4b), and caveolin-2 (Fig. 4c) was detected in L-cell

homogenates (lane 1) and purified lipid droplets (lane 2).

The plasma membrane protein markers Na?, K?-ATPase

(Fig. 4d), and transferrin (Fig. 4e), while present in the

L-cell homogenate (lane 1), were not detected in the lipid

droplet enriched fraction (lane 2), indicating that there was

little to no plasma membrane present in the purified lipid

droplet fractions. Similarly, the mitochondrial protein

marker, cytochrome c oxidase (Fig. 4f), while observed in

the homogenate (Fig. 4, lane 1), was not present in the lipid

droplet (Fig. 4, lane 2) fraction.

Second, the enrichment of neutral lipids and the pres-

ence of sphingomyelin in the isolated lipid droplet fraction

were verified by lipid analysis. There has been some con-

jecture as to whether lipid droplets contain sphingomyelin

in the phospholipid monolayer [34]. However, numerous

studies on lipid droplets isolated from different cell

types, including those from alveolar macrophages [35],

Niemann–Pick cells [36], mammary tissue [37], and

HepG2 cells [38], record the presence of sphingomyelin in

lipid droplet preparations. It should be noted that the lack

of sphingomyelin, PS, and PA observed in the former study

[34] may be based on the specific cell type or from the

isolation and extraction procedure. In the present work,

lipid droplet lipids were extracted and the lipid profile

resolved as described in the ‘‘Materials and Methods’’

section. The lipid droplet fraction showed an almost

exclusive presence of core lipids (cholesteryl ester and

triacylglyceride) over surface lipids (sphingomyelin, cho-

lesterol, phospholipids, and fatty acids), with the core lipids

present at almost equal levels in L-cell lipid droplets

(Fig. 5), further confirming the purity and enrichment of

the lipid droplet preparation since lipid droplets are the

only organelle composed mostly of cholesteryl esters and

triglycerides. Analysis of the individual phospholipid

classes revealed the following lipid profile (nmol/mg pro-

tein): sphingomyelin, 1.8 ± 0.3; PC, 2.1 ± 0.3; PS/PI,

0.7 ± 0.1; and PE, 0.35 ± 0.2. PA was below the level of

detection. These results confirmed the enrichment of neu-

tral lipids and the presence of sphingomyelin (among other

lipids) in the isolated lipid droplet fraction.

Third, the ability of proteins associated with the plasma

membrane and lipid droplets to bind NBD-labeled sphin-

gomyelin and phosphatidylcholine was established through

a fluorescent ligand, saturation binding assay using a steady-

state photon-counting fluorimeter [29]. The interaction of

plasma membrane and lipid droplet associated proteins with

NBD-labeled lipids was monitored as increased fluores-

cence intensity at 530 nm, consistent with localization of

the ligand in a more hydrophobic environment. Plasma

membrane (Fig. 6a) and lipid droplet (Fig. 6b) fractions

exhibited saturation binding for NBD-sphingomyelin. From

the saturation curves, fitted to a simple, single binding site

model as in [29], binding affinities (Kd) and binding

capacities (Bmax) were determined (Table 2). Analysis of the

binding data revealed that the association of NBD-sphin-

gomyelin for proteins in the lipid droplet fraction was

3.8-fold greater (P \ 0.05, n = 3) than that for plasma

membrane proteins (Kd 201 ± 19 nM vs. Kd 758 ± 118

nM). When NBD-sphingomyelin binding studies were per-

formed with recombinant ADRP (Fig. 7a), it was shown that

Table 1 Kinetic parameters of HDL-mediated NBD-sphingomyelin

efflux from lipid droplets and plasma membrane

Cell compartment A k (min-1) T0 (min)

Lipid droplet 42.6 ± 1.1 0.3 ± 0.03 11.8 ± 0.4

Plasma membrane 81.9 ± 1.2* 0.18 ± 0.06* 15.2 ± 0.3*

The percentage of exchangeable sphingolipid pool size (A), rate

constant (k), and time required to reach 50% of the maximal efflux

(T0) was determined for lipid droplet and plasma membrane cell

compartments within living cells as described in the ‘‘Materials and

Methods’’ section. Values represent the mean ± SEM, with n = 25

cells, 50–60 lipid droplets

* Indicates significance, P \ 0.003 as compared to lipid droplets

Fig. 4 Western blot analysis of lipid droplet proteins isolated from

L-cell fibroblasts. Western blots on cell homogenate (lane 1) and lipid

droplets (lane 2) were probed with the following affinity-purified

antibodies as described in the ‘‘Materials and Methods’’ section:

a anti-ADRP, b anti-caveolin-1, c anti-caveolin-2, d anti-Na?,

K?-ATPase, e transferrin, and f anti-cytochrome c oxidase
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ADRP exhibited similar binding affinities to that of the

purified lipid droplet fraction (Kd 201 ± 19 nM vs. Kd

257 ± 64 nM). Differences were also observed in the

NBD-sphingomyelin binding capacities (Bmax). Under the

experimental conditions presented herein, differences in

Bmax indicated differences in the number of lipid binding

proteins and lipid binding sites. The NBD-sphingomyelin

binding capacity of lipid droplet proteins was 1.9-fold lower

(P \ 0.005, n = 3) than that observed with plasma mem-

branes (Table 2), suggesting that the plasma membrane

contained more sphingomyelin binding proteins. However,

there was no significant difference between the NBD-

sphingomyelin binding capacity of the lipid droplet protein

fraction and ADRP. Thus, fluorescence binding assays

revealed the presence of sphingomyelin binding proteins in

the purified lipid droplet fraction. Further characterization

identified ADRP as one of the sphingomyelin binding

proteins in the lipid droplet fraction.
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Fig. 5 Percentage lipid mass of lipid droplets isolated from L-cell

fibroblasts. Percentage lipid mass of total lipids (a), core lipids (b),

surface lipids (c), and phospholipids (d) were determined from lipid

droplets isolated from L-cells. Core lipids include triacylglycerol

(TG) and cholesteryl esters (CE). Surface lipids include cholesterol

(Chol), phospholipids (PL), and free fatty acids (FA). Phospholipids

include sphingomyelin (SM), choline glycerophospholipid (PC),

phosphatidylserine (PS), phosphatidylinositol (PI), ethanolamine

glycerophospholipid (PE), and phosphatidic acid (PA)
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Fig. 6 Titration of plasma membrane and lipid droplet fractions with

NBD-sphingomyelin. The titration of plasma membranes (a) and lipid

droplet (b) fractions with NBD-sphingomyelin was followed by an

increase in fluorescence intensity as described in the ‘‘Materials and

Methods’’ section. The fluorescent intensity data, representing the

mean ± SE of three independent measurements, were analyzed to

determine the dissociation constant Kd and binding capacity Bmax
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The ability of ADRP to interact with another

NBD-labeled phospholipid (NBD-phosphatidylcholine)

was also examined. Upon titration of ADRP with increasing

concentrations of NBD-phosphatidylcholine, an increase

in fluorescence intensity was observed as before with

NBD-sphingomyelin, indicating binding (Fig. 7b). Analysis

of the data revealed that ADRP bound NBD-phosphatidyl-

choline with high affinity (Kd = 15 ± 3 nM), 17.1-fold

greater than that observed for NBD-sphingomyelin

(Table 2). Despite this, there were no significant differences

between the Bmax of NBD-labeled sphingomyelin and

phosphatidylcholine indicating that, regardless of the stron-

ger binding affinity of ADRP for NBD-phosphatidylcholine,

ADRP contained the same number of sphingomyelin and

phosphatidylcholine binding sites.

The specificity of ADRP binding sphingomyelin was

examined next. The NBD-sphingomyelin fluorescence

binding assay was performed with an unrelated protein,

acyl-CoA binding protein (ACBP), a cytosolic lipid bind-

ing protein that exclusively binds long-chain fatty acyl-

CoA [39]. Increased fluorescence was not observed

when ACBP was titered with increasing concentrations of

NBD-sphingomyelin (Fig. 7c). A plot of the maximal

intensity of NBD-sphingomyelin emission at 530 nm ver-

sus increasing NBD-sphingomyelin concentration yielded a

line with scattered points, not the saturation curve observed

previously with ADRP binding of sphingomyelin and

phosphatidylcholine. These results suggested that NBD-

sphingomyelin did not enter the ACBP binding pocket and

indicated that ACBP had little to no sphingomyelin binding

affinity in this assay.

In summary, fluorescence binding assays indicated that

the purified lipid droplet and plasma membrane protein

fractions contained sphingomyelin binding proteins. The

lipid droplet associated protein ADRP was identified as a

phospholipid binding protein with nanomolar affinity for

sphingomyelin and phosphatidylcholine.

Table 2 Binding affinity and capacity of plasma membrane and lipid

droplet proteins, ADRP, and ACBP for NBD-labeled sphingomyelin

and phosphatidylcholine

Protein NBD label Kd (nM) Bmax/lg protein

PM NBD-SM 758 ± 119 156 ± 13

LD NBD-SM 201 ± 19a 82 ± 3a

ADRP NBD-SM 257 ± 64a 111 ± 12

ADRP NBD-PC 15 ± 3a,b,c 148 ± 8

ACBP NBD-SM NDa,b,c NDa,b,c

The binding affinity and capacity of plasma membrane (PM) and lipid

droplet (LD) proteins and ADRP and ACBP for NBD-labeled

sphingomyelin (SM) and phosphatidylcholine (PC) was measured by

a fluorescent lipid binding assay as described in the ‘‘Materials and

Methods’’ section. Values represent the mean ± SEM, n = 3
a Indicates significance, P \ 0.02 as compared to PM binding of

NBD-SM
b Indicates significance, P \ 0.0001 as compared to LD binding of

NBD-SM
c Indicates significance, P \ 0.02 as compared to ADRP binding of

NBD-SM

ND indicates not detected
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Fig. 7 Titration of ADRP and ACBP with NBD-labeled lipids. The

titration of ADRP (a, b) or ACBP (c) with NBD-sphingomyelin (a, c)

or NBD-phosphatidylcholine (b) was followed by an increase in

fluorescence intensity as described in the ‘‘Materials and Methods’’

section. The fluorescent intensity data, representing the mean ± SE of

three independent measurements, were analyzed to determine the

dissociation constant Kd and binding capacity Bmax
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Discussion

Although there is growing interest in the role that lipid

droplets play in lipid transport, cell signaling, immune

function, and membrane trafficking (review in [40, 41]),

questions remain regarding the means by which lipid

droplet proteins and lipids interact to regulate cellular

dynamics. Cholesterol and sphingomyelin are essential

membrane components, and when levels are high, the

ability to remove excess lipids through storage or efflux

remains an effective method for cells to regulate otherwise

harmful lipids. Therefore, the regulation of cholesterol and

sphingomyelin within lipid reservoirs such as lipid droplets

is important to maintain lipid homeostasis. However, while

the dynamics of cholesterol efflux from lipid droplets and

the plasma membrane has been studied [20], less is known

regarding the efflux of sphingomyelin from these mem-

branes. The present work was undertaken to examine the

efflux kinetics and binding affinities of different intracel-

lular sphingomyelin pools in lipid droplets versus the

plasma membrane.

In preparation for efflux studies, NBD-sphingomyelin

targeting to lipid droplets in living cells was established. It

should be noted that, while there are some reports that

NBD-labeled lipids do not distribute to the same organelles

as the natural lipids [42], it has been shown in other work

that NBD-labeled probes are metabolized similarly [29]

and traffic by similar uptake, intracellular, and secretory

pathways [29, 43]. In CHO-K1 cells, NBD-sphingomyelin

internalized from the plasma membrane to vesicles and

other internal sites, and then transported back to the plasma

membrane [33, 44]. In a similar fashion, NBD-sphingo-

myelin in primary cultures of rat astrocytes [45] and in

L-cells (present work) were endocytosed and sorted to

several intracellular sites, including lipid droplets (results

herein). Furthermore, with other NBD-labeled probes

such as NBD-cholesterol, there is substantial evidence to

suggest that NBD-cholesterol undergoes metabolism and

utilizes the same intracellular trafficking pathways as the

endogenous lipid [20, 29]. For example, in hamster intes-

tinal enterocytes, CaCO2 cells, and L-cells [29, 43, 46],

NBD-cholesterol was esterified similarly to cholesterol

and dehydroergosterol, a natural cholesterol analog [47],

while in CaCO2 cells and L-cells, NBD-cholesterol was

shown to traffic by similar pathways [29, 43, 46]. Taken

together, these studies suggest that, while the behaviors of

NBD-labeled probes are not identical to their natural lipid

counterparts, they can be useful to examine lipid trafficking

and metabolism in living cells. Therefore, NBD-sphingo-

myelin was used to show sphingomyelin targeting to

lipid droplets in living cells. Next, NBD-sphingomyelin

was used to perform efflux studies where HDL-mediated

NBD-sphingomyelin efflux from lipid droplets and the

plasma membrane was graphically delineated. Kinetic

analysis of the NBD-sphingomyelin efflux curves from

lipid droplets revealed the presence of resolvable sphin-

golipid pools that exhibited properties which were different

from those found in the plasma membrane (Table 1). The

exchangeable sphingomyelin pool (A) in lipid droplets

(42.6 ± 1.1) was smaller than the sphingomyelin pool

associated with plasma membranes (81.9 ±1.2). Despite

this, the rate of sphingomyelin efflux was faster in lipid

droplets and the half-time was significantly less. Sphingo-

myelin in lipid droplets is constrained to the surface, bound

and unbound to resident proteins. Consistent with the data

in the present work, at least two sphingomyelin pools were

observed with lipid droplets, one smaller, dynamic pool

with a half-time of 11.8 min, and another larger, relatively

inert pool with a half-time on the order of hours to days. It

should be noted that HDL-mediated NBD-cholesterol [20]

and NBD-sphingomyelin efflux rates are comparable, yet

faster and reach equilibrium quicker (minutes) than that

observed in similar studies with [3H]-labeled lipids (hours)

[20]. These results may be due to the higher aqueous sol-

ubility of NBD-labeled lipids versus the natural lipid

counterparts [48]. Nevertheless, the rapid turnover of

NBD-sphingomyelin in the current study is in keeping with

the fact that L-cells endocytose the equivalent of their

entire cell surface membrane within about 2 h [49], similar

to the activity of macrophages [50].

In contrast to lipid droplets, sphingomyelin in the

plasma membrane exhibited a small, inert pool (18% of

total sphingolipid) and a large, exchangeable pool com-

prising 82% of the available sphingomyelin (half-time of

15.2 min) was observed. Sphingomyelin from this large,

dynamic plasma membrane pool is readily available for

participation in at least three different sphingomyelin

metabolic pathways, including the degradation of sphin-

gomyelin by sphingomyelinases in the lysosome, hydro-

lysis of sphingomyelin to form lecithin, and the

sphingomyelin cycle [32, 51]. In cells, most of the sphin-

gomyelin is located in the outer leaflet of the plasma

membrane (review in [52]). The sphingomyelin cycle

begins with the activation of sphingomyelinases located in

the plasma membrane which hydrolyze sphingomyelin to

form phosphorylcholine and ceramide. Ceramide acts as a

second messenger with effects in multiple cellular pro-

cesses, including the activation of specific kinases and

phosphatases, cell cycle arrest, induction of cell differen-

tiation, and apoptosis [53]. The presence of ceramide

generated from activated sphingomyelinases also leads to

the clustering of CD95 and CD40 receptors [54] and the

activation of a number of signaling agents, including tumor

necrosis factor a, c-interferon, and arachidonate [55–57].

Sphingomyelin is resynthesized by the addition of a

phosphorylcholine headgroup from phosphatidylcholine
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through the action of sphingomyelin synthase to complete

the sphingomyelin cycle. However, while evidence for

the above events occurring in lipid droplets is minimal, the

presence of a small dynamic sphingomyelin pool in the

lipid droplet monolayer is evocative of new roles for

the storage organelle in lipid signaling.

The extent of specific organelle protein–lipid interactions

in lipid droplets was next examined using a NBD-sphingo-

myelin fluorescence binding assay as described in the

‘‘Materials and Methods’’ section. While both lipid droplet

and plasma membrane proteins exhibited saturable binding

to NBD-labeled sphingomyelin, binding affinities of NBD-

sphingomyelin for lipid droplet proteins (Kd 201 ± 19 nM)

were higher than for plasma membrane proteins (Kd

758 ± 119 nM). In agreement with the binding studies, lipid

droplets exhibited a larger inert sphingomyelin pool with

strong binding affinity for sphingomyelin in comparison to

the plasma membrane, which had a small inert sphingo-

myelin pool with weak sphingomyelin binding affinity.

Thus, not only did the kinetic domains of NBD-labeled

sphingomyelin within lipid droplets and the plasma mem-

brane exhibit significant differences, the results presented

herein show, for the first time, that collective proteins

associated with lipid droplets versus plasma membrane

show differential binding affinity to NBD-sphingomyelin.

While little is known regarding the identity or binding

affinities of sphingomyelin-binding proteins within lipid

droplets, the surface coat protein ADRP [10, 20, 29] was a

likely choice based on its ability to bind other lipid mol-

ecules. ADRP was shown to bind hydrophobic lipids such

as NBD-stearic acid (Kd 145 nM) and NBD-cholesterol (Kd

2.0 nM) in a 1:1 stoichiometry with high affinity [20, 29],

and to also increase fatty acid uptake [9]. As shown in the

present work, ADRP demonstrated saturable binding to

NBD-sphingomyelin and also NBD-phosphatidylcholine

with binding affinities in the nanomolar range. However,

there was no significant difference in NBD-sphingomyelin

binding capacity between the lipid droplet protein fraction

and ADRP. Thus, fluorescence binding assays revealed the

presence of sphingomyelin binding proteins in the purified

lipid droplet fraction. Further examination confirmed that

ADRP contributed to this pool and bound sphingomyelin

and phosphatidylcholine with high affinity. The specificity

of ADRP binding of sphingomyelin was also examined by

determining whether an unrelated protein, ACBP, would

bind sphingomyelin. A plot of the maximal intensity of

NBD-sphingomyelin emission versus increasing NBD-

sphingomyelin concentration yielded a line with scattered

points, indicating that ACBP had little to no sphingomyelin

binding affinity in this assay. Thus, while ADRP exhibited

high affinity for sphingomyelin and phosphatidylcholine,

performing the same assay with ACBP revealed little to no

binding of sphingomyelin.

While this work presents the first evidence of a lipid

droplet associated protein exhibiting phospholipid binding

ability, there are other phospholipid binding proteins with

similar binding affinities. Sterol carrier protein-2 (SCP-2)

bound sphingomyelin with affinity near 173 nM [58], an

affinity slightly higher than that observed with ADRP

(Kd = 257 nM). Moreover, SCP-2 exhibited high binding

affinities for other sphingolipids, including ceramides,

GM1, and globosides [58]. In addition, surface plasmon

resonance measurements of lysenin, a 41-kDa protein that

causes contraction of the rat vascular smooth muscle,

bound to sphingomyelin membranes with Kd = 5.3 nM

[59]. However, while there are other proteins that bind

sphingomyelin with similar affinity, it is ADRP’s position

on the surface of the lipid droplet that makes it uniquely

qualified to provide phospholipids to meet the needs of

the cell during membrane synthesis, signaling, and cel-

lular metabolism. Indeed, the ability of ADRP to bind

with high affinity the two major phospholipids in cell

membranes (sphingomyelin, phosphatidylcholine) sug-

gests that ADRP may play an important role in intracel-

lular phospholipid trafficking and lipid metabolism in

general.

In summary, the results presented herein confirmed,

through confocal fluorescence imaging and fluorescence

binding studies, the existence of exchangeable sphingolipid

domains in lipid droplets. In addition, the present investi-

gation shows, for the first time, that ADRP binds phos-

pholipids with high affinity. More importantly, ADRP

exhibited similar binding affinities to other known

phospholipid binding proteins. These results suggest that

ADRP may play a significant role in regulating the intra-

cellular distribution of phospholipids and lipids in general.

Overall, insights from the present work suggest new and

important roles for lipid droplets in phospholipid and lipid

metabolism.
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Abstract Mice exposed to cold rely upon brown adipose

tissue (BAT)-mediated nonshivering thermogenesis to

generate body heat using dietary glucose and lipids from

the liver and white adipose tissue. In this report, we

investigate how cold exposure affects the PI3 K/Akt sig-

naling cascade and the expression of genes involved in

lipid metabolism and trafficking in BAT. Cold exposure at

an early time point led to the activation of the PI3 K/Akt,

insulin-like signaling cascade followed by a transient

decrease in adipose triglyceride lipase (ATGL) gene and

protein expression in BAT. To further investigate how cold

exposure-induced signaling altered ATGL expression,

cultured primary brown adipocytes were treated with the

b3-adrenergic receptor (b3AR) agonist CL 316,243 (CL)

resulting in activation of PI3 K/Akt, ERK 1/2, and p38

signaling pathways and significantly decreased ATGL

protein levels. ATGL protein levels decreased significantly

30 min post CL treatment suggesting protein degradation.

Inhibition of PKA signaling by H89 rescued ATGL levels.

The effects of PKA signaling on ATGL were shown to be

independent of relevant pathways downstream of PKA

such as PI3 K/Akt, ERK 1/2, and p38. However, CL

treatment in 3T3-L1 adipocytes did not decrease ATGL

protein and mRNA expression, suggesting a distinct

response in WAT to b3-adrenergic agonism. Transitory

effects, possibly attributed to acute Akt activation during

the early recruitment phase, were noted as well as stable

changes in gene expression which may be attributed to

b3-adrenergic signaling in BAT.

Keywords Nonshivering thermogenesis �
Brown adipose tissue � Akt signaling � CL 316,243 �
b3-adrenergic receptor signaling
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GLUT Glucose transporter
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H-FABP Heart-type fatty acid binding protein
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PKA Protein kinase A

PTEN Phosphatase and tensin homolog
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TBST Tris-buffered saline with Tween 20

TAG Triacylglycerol

UCP1 Uncoupling protein 1

WAT White adipose tissue

Introduction

Brown adipose tissue (BAT) in mammals is the site of

nonshivering thermogenesis, which creates heat by actively

oxidizing substrate via mitochondrial uncoupling protein

(UCP1) without ATP production. Nonshivering thermo-

genesis, controlled by sympathetic neural-derived norepi-

nephrine (NE) release [1], lowers metabolic efficiency

while greatly increasing the thermogenic capacity of the

animal. Application of our knowledge of BAT metabolism

in mice to obesity-related health problems in humans is

quite promising. b-adrenergic agonists, as well as cold

exposure, have been shown to induce a brown fat pheno-

type in the white adipose tissue (WAT) of mice, resulting

in metabolic inefficiency and prevention of diet and

genetically induced obesity [1–3]. In addition, Tiraby et al.

demonstrated that human white adipocytes can acquire [1,

2, 4] features of brown adipocytes [5]. Others have shown

that b-adrenergic agonists and cold exposure results in the

remodeling of some white fat depots with an induction of

brown fat-like characteristics in a variety of mammals [4,

6–9]. The expression of UCP1 in WAT depots of adult

humans has been shown to be variable [10]; a group of

morbidly obese subjects were reported to have significantly

lower UCP1 expression in the intraperitoneal adipose when

compared to lean controls [11]. Cinti reported brown adi-

pocytes were found dispersed among the WAT in 24% of

individuals with the percentage increasing to 50% in adults

under 50 years of age in 100 perirenal biopsies (32–

87 years of age, �x ¼ 65) [12]. Exposure to cool or cold

ambient temperatures in humans may lead to increased

BAT [13]. Adult humans with endocrine and non-endo-

crine pathologies have been shown to possess detectible

UCP1 expression within periadrenal WAT depots. Pres-

ence of UCP1, a marker of brown adipose tissue, suggests

certain hormonal signals may induce islets of brown adi-

pocytes within WAT [3, 11]. For example, adult humans

producing abnormally high amounts of adrenal catechola-

mines have been shown to regain BAT [3, 14, 15].

The process of BAT recruitment during chronic cold

exposure occurs over weeks and requires major changes to

cellular contents at a structural and enzymatic level in

order to allow for maximal nonshivering thermogenesis.

Much of this process is mediated by NE. Each brown

adipocyte is innervated by the ortho-sympathetic nervous

system, which releases NE when stimulated [16]. NE binds

to b3, a1, and a2-adrenergic receptors, thus affecting sig-

naling events which effect lipolysis, thermogenesis, and

apoptosis. Of the three b-adrenergic receptors, b3 is the

most common in rodents [17]. There is evidence that

b3-adrenergic receptor (b3AR) couple to the Gs subtype of

G proteins [18, 19]. This pathway has been suggested to be

responsible for crosstalk between the b3AR and MAPK

signaling pathways [20, 21]. The binding of NE or CL

316,243 (CL) to the b3AR results in the activation of

adenylyl cyclase (AC), increased levels of cyclic AMP, and

activated protein kinase A (PKA). In general, activated

PKA phosphorylates many cellular protein substrates

including signaling molecules (Src, ERK1/2, p38, and

JNK). PKA activation leads to NE-induced lipolysis in

brown adipocytes as demonstrated by the attenuation of

lipolysis by H89, a PKA inhibitor [22]. Prolonged

b-adrenergic stimulation and PKA activation in BAT leads

to the processes necessary for sustained thermogenic

activity. It is well known that transcription of lipoprotein

lipase (LPL) is increased in BAT to mobilize fatty acid

from the circulation during adaptation to chronic cold

exposure. However, the roles of newly discovered lipolytic

genes such as adipose triglyceride lipase (ATGL) and

carboxylesterase 3 (Carb3) in BAT have not been studied.

Adipose triglyceride lipase (ATGL), a recently discov-

ered triglyceride lipase that hydrolyzes the first ester bond of

stored triacylglycerol (TAG) in adipocytes releasing non-

esterified free fatty acids [23], has been shown to be the rate-

limiting lipase in hormone-stimulated TAG hydrolysis [24].

ATGL and its homologues are associated with lipid droplets

in eukaryotic cells and is highly upregulated in adipose tis-

sue [25]. The product of ATGL TAG lipase activity, diac-

ylglycerol, is hydrolyzed by activated hormone sensitive

lipase (HSL). Thus, ATGL and HSL work in concert to

mobilize free fatty acid stores from lipid storing tissues [23].

ATGL expression has been shown to be induced in mice by

fasting over 12, 24, and 48 h with refeeding reducing ATGL

expression [26]. Importantly, Smas and colleagues have
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shown that insulin activation of the PI3 K pathway leads to

the down-regulation of ATGL gene expression with PI3 K

inhibitors rescuing expression [27]. Dexamethasone upreg-

ulates ATGL gene expression; whereas, insulin, tumor

necrosis factor alpha, and isoproterenol, downregulate

ATGL gene expression in 3T3-L1 preadipocytes [26, 28].

Phosphorylation of ATGL has been demonstrated; however,

it is not believed to be a substrate for phosphorylation by

PKA [23, 29], leaving the mechanism by which ATGL is

regulated undefined. The biochemical significance of the

phosphorylation of ATGL remains to be shown. In this

report, we investigate how cold stress and CL-mediated

signaling affects ATGL and other lipolytic genes in BAT

and primary brown adipocytes, respectively.

Materials and Methods

Animals and Cold Exposure

C57BL/6J mice (four males, 2 months old) were kept on a

12-h light/dark cycle and provided with food and water

ad libitum. During cold exposure, 2–3 mice per pen were

placed at 4 �C for 0.125, 0.25, 1, and 5–7 days. At the

indicated time points, interscapular brown adipose tissue

(four mice for each time point) was harvested. Animal

experiments were approved by the Pennington Biomedical

Research Center Animal Care and Use Committee.

In Vitro and Ex Vivo Experiments

Interscapular brown fat was dissected from weanling mice.

Primary cell culture was performed by mincing the pooled

tissue of two mice, followed by digestion with 3 mg/mL

type II collagenase (Sigma–Aldrich, St. Louis, MO) in

DMEM media (10% FBS) with shaking (140 rpm) at 37 �C.

Digesta was strained with a 100 lM cell strainer and spun at

400 9 g for 5 min. The pellet (stromal vascular fraction—

SVF) was re-suspended in growth media [Dulbecco’s

modified Eagle’s medium (DMEM), 15% fetal bovine

serum (FBS), antibiotics (50 units/mL penicillin, 50 lg/mL

streptomycin)], seeded in a 12-well plate, and cultured in a

humidified 5% CO2 incubator. If greater numbers of wells

were needed to accomplish an experiment more mice were

pooled proportional to the additional wells needed to assure

consistency of cells within an independent experiment. Cells

were grown to 2 days post-confluence at which time growth

media was replaced with differentiation media (DMEM,

15% FBS, antibiotics, insulin 5 lg/mL, dexamethasone

0.4 lg/mL, 0.5 mM 3-isobutyl-1-methyl-xanthine, and

500 nM rosiglitazone) for 3 days. The cells were maintained

in growth media (lacking differentiation factors) for another

4 days. At this point, the average well was 70–80%

differentiated and showed obvious and abundant lipid

accumulation. The adipose cell line, 3T3-L1, was purchased

from American type culture collection (ATCC). Low pas-

sage number cells were grown to confluence in DMEM 10%

FBS and differentiated 2 days post confluence with the same

cocktail as the primary brown adipocytes. Primary and

3T3-L1 cells were treated on the same day of differentiation

after 3 h of serum starvation. CL 316,243 (Sigma–Aldrich)

was used at 1 lM for all experiments according to a dose

response curve and the concentrations used in the literature.

Inhibitors [H 89 (cAMP-dependent protein kinase inhibi-

tor—Sigma–Aldrich), LY 294002 (PI3 K gamma inhibi-

tor—Cell Signaling technology, Denver, MA), PD 98059

(MEK inhibitor—Cell Signaling Technology), SB 203580

(p38 inhibitor—Santa Cruz Biotechnology, Santa Cruz,

CA)] were added 45 min before CL treatments at the

concentration indicated in the figure legends.

Brown adipose tissue and white adipose tissue for ex vivo

experiments was minced in the same manner as for diges-

tion. The minced tissue was suspended in DMEM and ali-

quoted at equal volumes into 12-well plates. CL (1 lM) was

added and the tissue was collected at the time points indi-

cated, spun down, media removed, and frozen for analysis.

Quantitative-Real-Time PCR Detection of Total Gene

Expression

RNA was isolated from BAT of mice using TrizolTM

(Invitrogen, Carlsbad, CA) according to the manufacturer’s

instructions. RNA quality was assessed by agarose gel

electrophoresis. cDNA was reverse transcribed using

approximately 1 lg of total RNA according the manufac-

turer’s instructions (Invitrogen Life Technologies—

M-MLV reverse transcriptase). Real-time PCR was

performed using SYBR green I nucleic acid dye (Molecular

Probes Invitrogen detection technologies) on an ABI 7300.

AmpliTaq GoldTM (Applied Biosystems, Foster City, CA)

was used in all real-time reactions as was the following

thermal profile: 95 �C 10 m, 40 cycles of 94 �C 30 s, 60 �C

60 s, 82 �C 30 s. The CT values for the internal control

(cyclophilin) and target genes as determined by the ABI

software were used to calculate gene expression. All target

genes were normalized to cyclophilin and displayed as a

fold increase in proportion to the zero hour time points.

Randomly selected samples from all real-time runs were

resolved by agarose gel electrophoresis to ensure the pro-

duction of one product. In addition, dissociation curves

were performed. Real time primers were designed to span

genomic introns, thus avoiding amplification of genomic

DNA possibly present in the RNA samples. Primer

sequences can be provided upon request. ‘‘No template’’

negative controls were included in all PCR reactions to

detect possible contamination.
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Protein Isolation and Immunoblotting

Approximately 80 mg of BAT was cut to weight and

homogenized in 800 lL of lysis buffer (1% Triton X-100,

150 mM NaCl, 20 mM HEPES pH 7.5, 10% glycerol,

1 mM EDTA, 100 mM NaF, 100 lM sodium orthovana-

date, 1 mM PMSF, and 10 lL/mL commercial protease

inhibitor cocktail). The protein content of cell lysate was

determined using the bicinchoninic acid (BCA) protein

assay kit (Pierce Chemical, Rockford, IL). Samples were

separated by SDS–PAGE using the mini-Protean system

(Bio-Rad, Hercules, CA). The protein was wet-transferred

to a PVDF membrane (Amersham Biosciences, Uppsala,

Sweden) and blocked in 5% nonfat dry milk (NFDM) in

1x-TBST (0.1% Tween 20) and incubated with primary

antibody (5% NFDM) overnight at 4 �C specific to ATGL,

P-Akt, P-ERK1/2, total ERK1/2, P-p38 (Cell Signaling

Technologies, 1:1,000); b-actin (Santa Cruz Biotechnol-

ogy, 1:2,000); A-FABP (R&D systems, Minneapolis, MN,

1:2,000); and H-FABP (Abcam, Cambridge, MA, 1:1,000).

After washing in 19-TBST, blots were incubated with the

appropriated HRP-conjugated secondary antibody for 1 h

at room temperature. Blots were washed before addition of

ECL plusTM (Amersham Biosciences) and detection of

bands with Kodak BiomaxTM film. Some immunoblotting

used a fluorescent luminescence detection system. After

washing in 19-TBST, blots were incubated with fluores-

cence-labeled secondary antibodies (Irdye800 anti-rabbit

IgG and Alexa680 anti-mouse IgG). Bands were visualized

using the Odyssey imaging system (LI-COR Bioscience,

Lincoln, NE).

Glycerol Release Assay

Differentiated primary mouse brown adipocytes were

serum starved for 3 h in phenol red-free, serum-free

DMEM. Those cells receiving PD 98059 (50 lM) and CL

(1 lM) were pretreated with the inhibitor 45 min before

stimulation. The media was collected after 3 h and cen-

trifuged to remove cells and cellular debris. Glycerol

content of conditioned medium was determined using the

‘‘free glycerol reagent’’ kit (Sigma–Aldrich). The final

concentration of free glycerol was determined according to

the kit instructions using a free glycerol standard and

normalized to the protein content of cell lysates.

Statistical Analysis

All statistical analysis was performed using SASTM. Gene

expression was analyzed using one-way ANOVA analysis

followed by Fisher’s Protected LSD. Densitometry for

immunoblotting was analyzed as a randomized complete

block design in order to measure how dependent the effect

of CL was on the presence of the inhibitor. Treatments

were compared via Fisher’s Protected LSD. The minimum

level of significance was set at P \ 0.05. All statistical

values using primary cultured brown adipoctyes are

derived from three or greater independent experiments

cultured from separate isolations/differentiations of pri-

mary mouse preadipocytes isolated from interscapular

brown adipose (2 mice per 12 well dish—see ‘‘Materials

and Methods’’) unless otherwise specified.

Results

Cold Stress Modulates Fatty Acid Binding Protein

and Fatty Acid Transport Expression Levels in BAT

Fatty acids are the main substrate oxidized during BAT-

mediated nonshivering thermogenesis. Among several fatty

acid binding proteins, A-FABP, H-FABP and mal1

(FABP5) have been shown to be expressed in BAT tissue

of mice [30]. The increased expression levels of specific

FABPs are putatively explained by a greater need for fatty

acid metabolism and trafficking in BAT than other bodily

tissues. We tested the response of these genes within BAT

to cold exposure. The level of FABP5 was not significantly

changed during 1 week of cold exposure (data not shown).

The levels of A-FABP gene expression decreased gradu-

ally, reaching a significantly lower level (60% reduction) at

day 1 and returned to pre-cold exposure control levels

(Fig. 1c). In contrast, the levels of H-FABP gene expres-

sion linearly increased with increasing time achieving

statistical significance in 6 h and a fivefold induction at day

5–7 in BAT of mice (Fig. 1a). It has been shown that

FABP concentrations are largely controlled at the tran-

scriptional level [31]. In order to confirm the upregulation,

we performed immunoblotting demonstrating H-FABP

gene expression corresponded with an increase in protein

levels in vivo and decreases in A-FABP gene expression

corresponded with decreases in protein levels (Fig. 1b).

Since transmembrane transport of free fatty acids is

actively facilitated by transporter proteins, we assayed the

gene expression of the fatty acid transporter, FAT/CD36.

FAT/CD36 gene expression increased dramatically at 6 h,

returning to normal by 5–7 days (Fig. 1d). The opposing

trends in A- and H-FABP expression during cold exposure

suggest they play different roles in fatty acid mobilization

during cold stress.

Cold Induces Down-Regulation of Lipolytic Genes

in BAT

In addition to fatty acid transport, lipolysis plays an

important role in the utilization of fatty acid in BAT. In
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order to better understand lipolysis in BAT during cold

exposure, we analyzed the expression of the major lipolytic

genes. Real-time gene expression analysis of three lipolytic

enzymes, i.e., ATGL, carboxylesterase 3, and HSL,

revealed ATGL levels decreased initially and gradually

increased; whereas, carboxylesterase 3 (EC 3.1.1.1) and

HSL expression levels were consistently depressed in BAT

of mice during cold exposure (Fig. 1e, g, h). In addition,

ATGL protein levels were transiently decreased during the

early period of cold exposure but returned to normal

(Fig. 1f). The rapid changes in gene and protein levels in

BAT in vivo indicated there was an acute response to cold

exposure.

Cold Exposure Affects BAT Intracellular Signaling

Events

To better understand the acute response to cold exposure,

we focused on the main intracellular signaling pathway

controlling insulin and fatty acid utilization, PI3 K/Akt.

We found cold exposure increased phosphorylation of Akt

at serine 473 with an increase obvious at 30 min and

maximal induction at 1 h (Fig. 2). Activated Akt was

maintained through day 2 and returned to control levels by

day 7. Detection of Akt phosphorylation at threonine 308

was increased steadily with maximal phosphorylation on

day 1. Phosphorylated GSK-3b levels, a downstream target

of pAkt, increased in parallel with Akt signaling as

expected. Antagonists of Akt signaling, such as pPTEN,

lipid phosphatase and tensin homologue slightly decreased

during cold exposure when Akt activation was maximal.

Total Akt, as well as b-actin, remained consistent during

treatment. ATGL levels were decreased due to cold

exposure. Previous reports demonstrated that insulin

treatment/insulin receptor substrate signaling (IRS)

decreased ATGL expression and that LY294002 rescued

the down-regulation of ATGL by blocking PI3 K [27, 28,

32]. Analyzing our findings in the context of the literature

on ATGL and lipolysis, we hypothesized that PI3 K/Akt
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Fig. 1 Lipase expression in BAT of mice with cold exposure. All

graphs represent real-time PCR analysis (n = 4). Target genes as a

ratio to the housekeeping gene cyclophilin are expressed in fold

difference to control. a Gene expression levels of H-FABP increased

in a linear fashion with time of exposure. b The corresponding protein

levels of H-FABP and A-FABP were measured by immunoblotting,

confirming the gene expression pattern. c Real time PCR analysis of

A-FABP gene expression decreased with cold exposure and was

significantly (P \ 0.05) lower at day 1 when compared to control

mice (0 h). d FAT/CD36 fatty acid transporter gene expression

increased acutely (6 h) in the BAT during cold exposure only to

return to control levels by 5–7 days. e ATGL gene expression in the

brown adipose of mice dropped significantly after 3, 6, and 24 h of

cold exposure. However, expression rebounded reaching near normal

levels after 7 days. f The corresponding protein levels of ATGL were

measured by immunoblotting, confirming an initial decrease followed

by normalization and an increase in ATGL protein levels as shown in

this representative blot from three independent experiments (n = 3).

g HSL gene expression was significantly decreased at all times during

cold exposure. h Carboxylesterase 3.0 gene expression was signifi-

cantly decreased at 6 h, 1 day, and 5–7 days when compared to 0 h

control as measured by real-time PCR. The letters (a, b, c, d)

represent a significant difference among groups at various time points

by using one-way ANOVA at P \ 0.05
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Fig. 2 Akt and related signaling in the BAT of cold exposed-mice.

Phosphorylation and total proteins in BAT of mice during cold

exposure are presented by immunoblotting. Phosphorylation of Akt,

GSK, PTEN are reported as well as the loading control, b-actin. Data

represent three independent experiments (n = 3)
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signaling antagonized the lipolytic system by downregu-

lating ATGL levels. In order to test this hypothesis

mechanistically, we used ex vivo mouse brown adipose,

primary mouse brown pre-adipocytes grown and differen-

tiated in culture and a mouse adipocyte cell line.

The b3AR Agonist, CL 316,243, Down-Regulates

ATGL Protein and Gene Transcript Levels in Mouse

Brown Adipocytes, but not White

It is well documented that NE signaling via the b3-adren-

ergic receptor controls the thermogenic process; thus, we

utilized a b3AR agonist in ex vivo and in vitro analysis of

brown adipose/adipocyte signaling. Treatment of small

segments of BAT ex vivo with CL showed activation of

Akt at 3 and 6 h and a decrease of ATGL protein (Fig. 3a).

We continued this line of investigation in primary mouse

brown adipocytes that were differentiated in vitro. In order

to validate the system, we tested the effects of CL (1 lM)

on UCP1 gene expression in differentiated brown adipo-

cytes. CL administration resulted in a *20 fold increase

(P \ 0.01) in UCP1 gene expression in 3 h (Fig. 3b). In

addition, CL (1 lM) treatment of primary brown adipo-

cytes induced lipolysis as indicated by an approximate

three-fold increase in glycerol release (P \ 0.01). In order

to determine the most effective dose of CL on ATGL

expression in our in vitro system, we performed a dose

response curve, measuring ATGL protein levels at 3 h post

treatment (Fig. 3c). The levels of ATGL protein were

decreased by CL in a dose-dependent manner. One lM

showed consistent efficacy in reducing ATGL protein

levels and was the dose used in the majority of the litera-

ture on b3-adrenergic signaling. WAT, like brown,

expresses the b3AR and is sensitive to CL-activated PKA

signaling. We show, however, that CL administration did

not result in a significant change in ATGL protein levels in

3T3-L1 cells and WAT ex vivo (Fig. 3d, e).

CL 316,243 Activates Akt, However, Blockade

of PI3 K Does not Rescue ATGL Protein Levels

CL 316,243 (1 lM) administration down-regulated ATGL

protein and potently activated Akt ex vivo and in vitro.

Activation of Akt by the b3AR signaling is non-classical

and involves crosstalk between G-protein coupled recep-

tors (GPCR) and the PI3 K signaling pathway. In order to

determine if PI3 K signaling caused the decrease in ATGL

protein levels, we blocked Akt activation with the PI3 K

inhibitor LY294002. However, blocking Akt activation did

not prevent ATGL down-regulation in vitro (Fig. 4b, c). In

addition, insulin treatment potently activated PI3 K but did

not result in decreased ATGL protein levels in differenti-

ated primary brown adipocytes (Fig. 4b). These findings

led us to conclude that the PI3 K/Akt signaling pathway

does not antagonize PKA signaling as it does in other tissues.

From this point, we focused on classical b3AR-signaling as a

putative ATGL regulatory mechanism in BAT.

b3AR Signaling-Mediated Degradation of ATGL

is PKA Dependent in Brown but not White Adipocytes

We show that inhibition of PKA signaling by H89 rescues

the down-regulation of ATGL (Fig. 4a, b). An H89 dose

curve with CL (1 lM) shows that 10 lM H89 was most

effective at rescuing ATGL (Fig. 4a). This is also a com-

monly used dose in the literature for inhibition of PKA
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Fig. 3 ATGL and phosphorylated Akt in BAT ex vivo and in

differentiated primary brown adipocytes. a CL (1 lM) decreases

ATGL protein levels after 3 h in BAT ex vivo at 3 and 6 h. CL

activated Akt in BAT ex vivo similar to the results obtained from in

vivo cold exposure. b CL increased UCP1 gene expression in primary

mouse brown adipocytes and significantly (**, P \ 0.01) induced

lipolysis as measured by glycerol release (n = 3). c CL treatment

lowered ATGL protein levels in this representative immunoblot after

3 h at even nanomolar concentrations with maximal effects being

observed at 1 lM. d, e Immunoblotting results (n = 3) show that

b3AR signaling in 3T3-L1 adipocytes (n = 3) and WAT ex vivo (two

independent experiments with pooled adipose tissues from two mice

per experiment) does not result in the same decrease in ATGL as

observed in brown adipocytes. Both BAT and WAT express the

b3AR, however, b3AR agonism results in depot-specific regulation of

ATGL expression levels
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signaling. Interestingly, CL and H89 treatment did not

modulate ATGL protein levels in differentiated 3T3-L1

adipocytes at 3 h (data not shown).

Adipose triglyceride lipase can exist as a phosphopro-

tein, although it has been reported that ATGL is not a direct

substrate of PKA [23, 29]. Due to the rapid decrease in

ATGL levels after b3AR agonism, we hypothesized that

ATGL phosphorylation leads to degradation via an inter-

mediate downstream of PKA. In order to identify this

intermediate, we focused on known signaling pathways

downstream of b3AR-mediated lipolysis, including ERK 1/2

and p38 signaling [33]. CL administration potently activated

ERK1/2 (Fig. 5a). The inhibition of ERK 1/2 by PD 98059,

however, did not rescue ATGL protein levels. We do

show that inhibition of ERK 1/2 by PD 98059 led to a sig-

nificant inhibition of CL-mediated lipolysis. This shows that

ERK1/2 signaling is important in b3AR-mediated BAT

lipolysis. Also, brown adipocytes are capable of increased

lipolysis concurrent with significant decreases in ATGL

protein levels. H89 attenuated CL-mediated upregulation of

UCP1 gene expression by blocking PKA-mediated phos-

phorylation of p38 [34]. Therefore, we assessed the role of

p38 signaling on ATGL expression. CL treatment results

in p38 activation; however, the p38 blockade by 10

and 25 lM of SB 203580 did not rescue ATGL protein

expression in cultured primary brown adipocytes (data not

shown).

Adipose triglyceride lipase protein levels decreased

significantly after only 30 min of CL treatment and reached

maximal downregulation by 1 h which was maintained to

the 3 h time point (Fig. 6a). H89 pretreatment rescued

ATGL protein levels 1 and 3 h after CL treatment. In order

to determine if the decrease in ATGL protein was due to

decreased transcription of ATGL gene expression, we

treated the primary mouse brown adipocytes with 1 lM of

CL over a time course. ATGL gene expression showed a

downward trend which became significant after 3 h as in

the in vivo study (Fig. 6b). CL administration results in

decreased ATGL transcription, however, ATGL protein

levels decrease at a greater rate than can be attributed to

transcriptional effects. Our data suggest that the decrease in

ATGL protein is partially due to the protein degradation

via PKA signaling. Thus, we hypothesized that ATGL was

β
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being degraded by 26S proteasome hydrolysis. In order to

test this hypothesis, we pretreated primary brown adipo-

cytes with the proteasome inhibitor MG 132 (25 lM) for

1 h then stimulated the cells with CL. The cells were

collected at 3 h. However, blockade of the proteasome did

not prevent ATGL degradation (Fig. 7), suggesting deg-

radation by an alternative pathway.

Discussion

The nine currently identified cytoplasmic fatty acid binding

proteins (FABPC) belong to the superfamily of lipid

binding proteins. FABPC all possess similar protein struc-

tures but show tissue specific expression [35]. This tissue

specific expression pattern suggests unique or specialized

functions for the various FABPC. H- and A-FABP proteins

are FABPC that function to increase cytoplasmic diffusion

and transport of FFA from the plasma membrane [36, 37].

A-FABP is exclusively expressed in adipose tissue where it

has been shown to be involved in increasing the solubility

and aiding in trafficking of free fatty acids between cellular

compartments. Whereas, H-FABP is mainly expressed in

cardiac and skeletal muscles where fatty acid oxidization is

a major source of energy. For example, H-FABP increased

in rat heart and skeletal muscle tissues in conditions of

increased fatty acid oxidation, such as diabetes and fasting,

respectively [38, 39]. In humans, increased H-FABP

expression is correlated to increased fatty acid oxidation in

type two diabetic individuals undergoing dietary and

exercise interventions [40]. In the current studies, the

dramatic increase in H-FABP transcription contrasted by

the decrease in A-FABP transcription suggests that cold

shock alters the fatty acid trafficking within the brown

adipocytes. We propose that the FFA flux into the BAT has

a direct or indirect affect upon the transcription of A- and

H-FABP. While H-FABP’s precise role in intracellular

trafficking and fat metabolism is undefined, our study

suggests that H-FABP may function to transport/direct the

influx of intracellular FFAs to the mitochondrial FFA

transport system (CPT1) for oxidation thus fueling non-

shivering thermogenesis. Finally, the FFA influx and
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trafficking in BAT has a direct/indirect affect upon the

transcription of A- and H-FABP.

Nonshivering thermogenesis requires the up-regulation

of b-oxidation and uncoupled oxidative phosphorylation

in BAT. Cold stress-induced NE release stimulates the b3

and a2-adrenergic receptors and has profound effects on

BAT including upregulation of lipolysis and UCP1

expression, promotion of proliferation and differentiation,

and inhibition of apoptosis [17]. It has been shown

recently that in vitro stimulation of the b3-adrenergic

receptor by NE, isoprenaline, and CL induced glucose

uptake in brown adipocytes in culture by increasing

GLUT1 gene expression with decreasing GLUT4

expression [41]. Adams and colleagues showed that cold

exposure from 1 to 48 h increased glucose uptake and

de novo lipogenesis while increasing b-oxidation [42].

Our in vivo cold exposure data show phosphorylation of

GSK-3b, suggesting an increase in glycogen synthesis in

BAT during cold exposure. This finding complements

the work of others [41, 42] showing increased glucose

uptake in brown adipocytes upon NE or cold exposure.

PI3 K/Akt signaling is the main regulator of GLUT4

translocation to the plasma membrane due to the effects

of insulin [43]. Thus, b3AR mediated activation of PI3 k/Akt

may function to increase glucose uptake in the tissue as well

as increase sensitivity to circulating insulin levels. This

response appears to be specific to BAT, as PI3 K/Akt

signaling normally antagonizes the lipolytic pathway.

In addition, muscle and WAT exhibit reduced sensitivity of

PI3 K/Akt signaling to insulin in the rat during cold exposure

[44].

Current studies show in cold exposure that ATGL is

transiently down-regulated with a corresponding increase

in Akt signaling in vivo. During cold exposure, changes in

ATGL expression were more sensitive and occurred before

the decrease in the other lipases, HSL and Carb3. Also,

supporting the sensitivity of ATGL to metabolic stress are

data from mouse fasting and refeeding studies where

ATGL expression changes in the WAT according to

positive or negative energy balances [26]. A recently

published article shows that noradrenaline-induced lipoly-

sis was positively correlated with HSL protein levels, but

not with ATGL protein levels in the WAT of women [45].

In agreement with this, CL treatment did not affect ATGL

protein levels in 3T3-L1 adipocytes or in WAT treated ex

vivo. However, defective cold adaptation of ATGL

knockout mice clearly indicates an important role of

ATGL-mediated lipolysis in WAT to supply BAT with free

fatty acids. Considering no change in expression of ATGL

protein in response to CL, ATGL activity can be regulated

by other interacting proteins. The recent discovery of two

proteins, comparative gene identification-58 (CGI-58) and

the G0/G1 switch gene 2 (G0S2) that physically interact

with ATGL protein, increases the complexity of ATGL

regulation. CGI-58 functions as an activator of ATGL

without affecting HSL activity, increasing lipolysis [46]. In

contrast to CGI-58, interaction of G0S2 with ATGL

decreased ATGL-mediated lipolysis, acting as a negative

regulator of ATGL [47]. Up-regulation of G0S2 by anti-

lipolytic hormone insulin and drastic down-regulation by

b-adrenergic agonist isoproterenol or another lipolysis-

inducing hormone, tumor necrosis factor a, demonstrated

the importance of G0S2 as a regulator of ATGL activity in

response to metabolic hormones [47]. This implicates

possible mechanisms by which alteration of G0S2 amounts

affect ATGL activity without changing ATGL protein

levels in WAT in response to CL.

It has been reported that the ATGL gene is a target for

PPARc transactivation [27]. Decreases in PPARc levels

have been shown in primary brown adipocytes treated with

NE as well as in white adipocytes treated with b3AR

agonists, leading to its degradation and lowered transcrip-

tion of PPARc mediated genes [48, 49]. Thus, the

decreases in ATGL levels during cold-stress in vivo may

be due to decreases in PPARc levels. ATGL gene expres-

sion has been shown to be down-regulated in 3T3-L1 cells,

a mouse adipocyte cell line, by insulin and isoproterenol

administration [27, 28]. Smas et al. [27] went onto show

that insulin activation of the PI3 K pathway leads to the

down-regulation of ATGL with PI3 K inhibitors rescuing

transcript levels. Rapid down-regulation of ATGL by both

anabolic and catabolic hormones is intriguing and is as of

yet unexplained. Hormones that increase lipolysis such as

CL and isoproterenol paradoxically decrease ATGL gene

and protein levels. This would suggest that catecholamine-

induced lipolysis is partially independent of ATGL protein

levels and most probably relies on regulation of ATGL

activation. Zimmerman et al. [23] showed that ATGL is a

phosphoprotein. Phosphorylation is a key signal for ubiq-

uitination and 26S proteasomal catabolism of proteins [50].

However, ATGL was demonstrated not to be a substrate for

PKA [23]; however, our data suggests ATGL is an indirect

target of PKA signaling in brown adipocytes. In addition,

our data show the proteasome inhibitor MG 132 does not

rescue ATGL protein levels indicating b3AR signaling

causes ATGL protein level decreases due to non-prote-

asomal degradation. ERK 1/2 plays a role in MAPK sig-

naling mediated lipolysis and can be activated by PKA.

However, while blocking ERK 1/2 decreases lipolysis in

primary brown adipocytes by *20%, it does not rescue

ATGL protein levels. Similarly, the p38 signaling pathway

does not mediate PKA-dependent ATGL degradation.

Importantly, current studies show that CL activates Akt in

primary mouse brown adipocytes and decreases ATGL

protein levels via a PKA dependent, ERK 1/2, p38, and

Akt-independent mechanism.
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The current study showed that cold exposure at early time

points elicits b3AR and insulin-like signaling in BAT and

primary brown adipocytes, including transient decreases in

ATGL gene and protein levels. In this situation, fatty acids

from the diet and mobilization of fatty acids from WAT can

be a primary source for nonshivering thermogenesis in BAT

rather than the break down of TAG stored in BAT. Also,

appetite and glucose uptake in BAT increases during the

early stage of cold exposure [42] providing metabolic sub-

strates for nonshivering thermogenesis. Under conditions of

long-term cold exposure with limited dietary glucose and

circulating fatty acids, the TAG in BAT will most likely be

hydrolyzed by ATGL to produce an energy substrate for

nonshivering thermogenesis. H-FABP expression increases

purportedly to shuttle fatty acids within the cell to the

mitochondria as an oxidative substrate for nonshivering

thermogenesis. Further investigation into the crosstalk

between the PI3 K/Akt and the b3-adrenergic pathway and

how they affect lipid storage, fatty acid mobilization,

transport, and utilization within BAT is warranted. A better

understanding of the distinct differences between PI3 K and

b3AR crosstalk in WAT and BAT is important to endocri-

nology, adipose physiology, and metabolism. Finally, b3AR

agonists are exciting potential targets for pharmaceutical

therapy of obesity; however, a better understanding of the

mechanisms underlying this process is needed and will

advance clinical management of obesity.
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Abstract Statins decrease apoB-100-containing lipopro-

teins by increasing their fractional catabolic rates through

LDL receptor-mediated uptake. Their influence on hepatic

secretion of these lipoproteins is controversial. The

objective of the study was to examine the influence of

simvastatin on the secretion of apoB-100-containing lipo-

proteins in fasting non-obese subjects. Turnover of apoB-

100-containing lipoproteins was investigated using stable

isotope-labeled tracers. Multicompartmental modeling was

used to derive kinetic parameters. Eight male subjects

(BMI 25 ± 3 kg/m2) with mild hypercholesterolemia

(LDL cholesterol 135 ± 30 mg/dL) and normal triglycer-

ides (111 ± 44 mg/dL) were examined under no treatment

(A), under chronic treatment with simvastatin 40 mg/day

(B) and after an acute-on-chronic dosage of 80 mg

simvastatin under chronic simvastatin treatment (C).

Lipoprotein concentrations changed as expected under

40 mg/day simvastatin. Fractional catabolic rates increased

in IDL and LDL but not in VLDL fractions versus control

[VLDL ?35% in B (n.s.) and ?21% in C (n.s.); IDL

?169% in B (P = 0.08) and ?187% in C (P = 0.032);

LDL ?87% in B (P = 0.025) and ?133% in C

(P = 0.025)]. Chronic (B) and acute-on-chronic simva-

statin treatment (C) did not affect lipoprotein production

rates [VLDL -8 and -13%, IDL ?47 and ?38%, and

LDL ?19 and ?30% in B and C, respectively (all com-

parisons n.s.)]. The data indicate that simvastatin does not

influence the secretion of apoB-100-containing lipoproteins

in non-obese subjects with near-normal LDL cholesterol

concentrations.

Keywords Apolipoprotein B-100 � Lipoprotein �
Cholesterol � Statin � Simvastatin �
Gas chromatography/mass spectrometry � Kinetics �
Stable isotopes � Turnover � Multicompartmental modeling
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PR Production rate

VLDL Very low-density lipoproteins

Introduction

3-Hydroxy-3 methylglutaryl (HMG) coenzyme A-reductase

inhibitors (statins) have an established role in the treatment

of hypercholesterolemia. Their efficacy in reducing car-

diovascular morbidity and mortality in secondary [1, 2] and

primary prevention [3] has been demonstrated in large

randomized trials. HMG-CoA-reductase inhibitors inhibit

competitively the rate-limiting enzyme of endogenous

cholesterol biosynthesis. As a consequence, the intracel-

lular pool of free cholesterol decreases and low-density

lipoprotein (LDL) receptors are up-regulated, leading to an

increased receptor-mediated clearance of LDL from

plasma [4]. This mechanism is responsible for a large

proportion of their cholesterol-lowering effect. However, a

statin-induced decrease in lipoprotein production has also

been proposed as a mechanism for their lipid-lowering

effects [5]. The underlying mechanisms in vivo, however,

that would mediate such an effect, are not fully understood.

Except for their pronounced cholesterol-lowering proper-

ties, statins have also a modest effect (about 15–20%) in

decreasing triglyceride concentrations [6]. In subjects with

high intra-abdominal fat stores, an increased flux of free

fatty acids to the liver produces an increased rate of hepatic

triglyceride synthesis, which in turn leads to increased very

low-density lipoprotein (VLDL) production, since the latter

is partly determined by the intracellular availability of

triglycerides [7–9]. This is also found in subjects with type

2 diabetes mellitus [10, 11] and there are a number of

studies showing that, in this pathophysiological state,

statins are able to decrease lipoprotein production [12, 13].

Interestingly, in obese individuals it has been shown that

statins increase the catabolism of apoB-100-containing

lipoproteins but do not alter their rates of production or

secretion [14].

In the present study we focused on subjects with near

normal body weight (mean body mass index 25 ± 3 kg/m2)

and normal serum triglyceride concentrations to investi-

gate, in the fasting state, whether statins influence hepatic

lipoprotein production. Since recent evidence suggests that

the supply of cholesterol available for incorporation into

nascent lipoprotein particles also exerts a regulatory

influence on apoB secretion by the liver [15, 16], we

investigated in addition the acute inhibitory effects of a

high bolus dose of simvastatin in order to inhibit choles-

terol synthesis and to stimulate LDL receptor expression to

a maximum degree.

The main goal of the present study was to determine the

influence of simvastatin on apoB-100 appearance rates and

lipoprotein kinetics in fasting non-obese subjects with mild

hypercholesterolemia. For this purpose, each subject was

investigated with three turnover protocols: once without

treatment, once during chronic simvastatin treatment at a

standard dosage, and once during chronic simvastatin

treatment after an additional acute-on-chronic high bolus

dose of simvastatin.

Experimental Procedures

Study Design

This was an open label, three-way cross-over trial evalu-

ating lipoprotein turnover under control (no treatment)

conditions (phase A), under chronic simvastatin treatment

(phase B) and under chronic simvastatin treatment after

additional acute-on-chronic dosage (phase C). All subjects

provided written informed consent. The study protocol was

approved by the Ethics Committee of the Medical Faculty

of the University of Bonn, and all procedures were per-

formed in accordance with the Helsinki Declaration and its

current revision. The trial was publicly registered (Clinical-

Trials.gov Identifier: NCT00905541).

Study Population and Drug Treatment

Eight male healthy volunteers with mild hypercholester-

olemia [LDL cholesterol (LDL-C) average 135 mg/dL] and

normal triglycerides (average 111 mg/dL) were recruited

on campus and in the community (to convert mg/dL into

mmol/L multiply with 0.0259 for cholesterol and with

0.0114 for triglycerides). Main exclusion criteria were

coronary events during the last year, unstable angina,

active liver disease or persistent elevations of liver trans-

aminases, renal insufficiency, diabetes mellitus or impaired

glucose tolerance, thyroid dysfunction, alcohol abuse, any

other metabolic disease or treatment with drugs affecting

lipid metabolism. Subjects were unrelated at the first and

second degree.

Each subject was studied three times. Five subjects were

studied in the sequence A–B–C and three in the sequence

B–C–A. Before phase A there was a wash-out period of at

least 8 weeks for all drugs affecting lipid metabolism.

Before phase B, subjects were treated with simvastatin

40 mg once daily in the evening for at least 6 weeks. The

last dose before the infusion studies was taken at 07:00 PM

on the preceding day. Before phase C, subjects took their

normal evening dose at 07:00 PM; in addition, they

received an oral dose of 80 mg simvastatin in the morning

of the turnover protocol 1 h before isotope infusion.
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Medication with 40 mg/day was continued through the

whole sampling period of the turnover studies (phases B

and C).

Experimental Protocol For In Vivo Stable Isotope

Kinetics

The subjects were asked to adhere to their usual

nutritional habits throughout the entire trial. For 4 days

before turnover studies they kept a food diary to doc-

ument nutrient intake. During the 4 days preceding the

second and third turnover study, the subjects were

asked to consume an identical diet based on their pre-

viously documented food diaries and again kept 4-day

food diaries.

The subjects were admitted to the metabolic ward on

the day of the infusion study at 07:30 AM. The last meal

on the previous day was taken at 07:00 PM. This meal

was a standardized meal provided by the investigators.

After 07:00 PM neither food nor calorie-containing

beverages were allowed until the end of the infusion

study on the next day at 07:00 PM in order to prevent

nutrient-induced lipoprotein production. Drinking of tap

water or mineral water was permitted after 12:00 noon on

the study day. Clinical status and vital signs were

recorded during the infusion. Measurements of body

weight and body composition (including body fat and

body lean mass, intra- and extracellular water), per-

formed between 08:00 and 09:00 AM on the study day,

were determined by bioelectrical impedance analysis

(Multi Frequency Analyzer B.I.A. 2000-M; Data Input,

Frankfurt, Germany) in combination with the manufac-

turer’s software Nutri4.

In the morning of the study day the subjects received an

indwelling cannula for blood drawing in one forearm and

another in the other forearm for isotope infusion. They

remained in a recumbent position (45�) from 08:00 AM

until the end of the infusion. At 08:00 AM they drank

400 mL of mineral water. At 09:00 AM, tracer adminis-

tration was started with a bolus injection of [D3]leucine

(1.4 mg/kg body weight) immediately followed by a con-

tinuous infusion of [D3]leucine (1.4 mg kg-1 h-1) for a

period of 10 h. Tri-deuterated leucine (L-[5,5,5-2H3]leu-

cine) was obtained from MassTrace (Woburn, MA, USA),

was dissolved in saline and was tested sterile and pyrogen-

free.

During each turnover study, two baseline samples were

drawn immediately before 09:00 AM and further blood

samples were obtained for up to 240 h. Isotopic enrichment

of free leucine in plasma was determined at 16 time points,

in VLDL-apoB-100 at 20 time points, in intermediate-

density lipoprotein (IDL)-apoB at 13 time points and in

LDL-apoB at 12 time points.

Measurement of Lipoprotein and apoB Concentrations

Lipoprotein concentrations for pool size determinations

were measured on the infusion days in eight separate

samples. In each sample, cholesterol, triglycerides, and

apoB-100 were determined in total blood and in the VLDL,

IDL, and LDL fraction. Cholesterol and triglycerides were

measured enzymatically according to the CHOD-PAP and

the GPO-PAP method (Boehringer Mannheim, Germany),

respectively. HDL cholesterol (HDL-C) was determined

enzymatically after precipitation of apoB-100-containing

lipoproteins [17]. The coefficient of variation for choles-

terol measurements was 0.99% for total cholesterol, 2.64%

for LDL-C, 2.22% for HDL-C and 1.14% for triglycerides.

ApoB-100 concentration in plasma and in lipoprotein

fractions was determined with a noncompetitive, enzyme-

linked immunoabsorbent assay using immunopurified

polyclonal antibodies on the Beckmann Array�-360 Sys-

tem (Beckmann Instruments, Munich, Germany).

Isolation of apoB-100 and Amino Acid Preparation

Lipoprotein Separation

Isolation of the lipoprotein fractions VLDL, IDL and LDL

was performed using preparative sequential density ultra-

centrifugation. A 3.2-mL polycarbonate tube was filled

with a 1.5-mL aliquot of plasma and 1.5 mL sodium

chloride density solution (0.9%) and centrifuged at 16 �C

in a TLA 100.4 rotor for 2.5 h at 100,0009g in an Optima

TLX centrifuge (Beckmann Instruments, Munich,

Germany). All used density solutions contained 1 g/L

EDTA. After centrifugation, the supernatant containing

VLDL (density d \ 1.006 g/mL) was removed after

tube-slicing with a CentriTube Slicer (Beckmann Instru-

ments, Munich, Germany). To isolate the IDL fraction

(1.006 \ d \ 1.020 g/mL), the remaining infranatant was

transferred into a new tube adding a second, more dense

sodium chloride solution (4.5%) and an analogous centri-

fugation step was started. After tube-slicing and transfer of

the infranatant into a new tube the centrifugation procedure

was repeated using an even more dense sodium chloride

solution (15%) to separate the LDL lipoprotein fraction

(1.020 \ d \ 1.063 g/mL).

ApoB-100 Separation, Isolation of Amino Acids

and Amino Acid Derivatization

The apoB-100 of the lipoprotein fractions VLDL, IDL and

LDL was isolated and purified using a previously described

isopropanol precipitation method [18]. Sample preparation

for gas chromatography–mass spectrometry was performed

as previously described [19].
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Determination of Isotopic Enrichment

Isotopic enrichment determination of leucine was per-

formed on a Fisons GC8060/Trio 1000 quadrupole system

(ThermoQuest, Egelsbach, Germany). The samples were

injected into a 30 m 9 0.32 mm, 0.25 lm DB-5MS cap-

illary column (J & W Scientific, Rancho Cordova, CA,

USA). Mass spectrometry was performed by negative-ion

chemical ionization with methane as the reagent gas.

Selected ion monitoring (SIM) of the leucine peak was

performed for [2H3]-enrichment using the [M-HF] and

[M-HF ? 3] isotopomers (m/z = 349 and 352), respec-

tively. Measurements were done in quadruplicates at

baseline and in triplicates in subsequent samples. Because

of the non-negligible mass associated with stable isotope

tracers, raw enrichment data were transformed to tracer/

tracee ratios using predescribed algorithms [20].

Kinetic Analysis

A multicompartmental model (Fig. 1) was used to describe

VLDL-, IDL-, and LDL-apoB-100 isotopic enrichment

data and to derive kinetic information. Each compartment

or pool represents a group of kinetically homogenous

particles. In the present study, the SAAM II program

(SAAM Institute, Seattle, WA, USA) was used to fit the

model to the observed tracer data. Metabolic parameters

were subsequently derived from the model parameters

giving the best fit. The model assumes that apoB-100 enters

plasma through compartments 11, 21, or 31 (Fig. 1).

Compartment 11 is used to describe the kinetics of apoB-

100 in the VLDL subfraction. The VLDL particles in

compartment 11 can be converted to IDL, or can be

removed directly from plasma. The IDL section of the

model is described by compartment 21. Particles in com-

partment 21 can be converted to LDL, or can be removed

directly from the plasma. LDL-apoB-100 kinetics is

described by compartment 31. IDL apoB can be derived

from VLDL (compartment 11) or directly from the site of

secretion. Similarly, LDL apoB can be derived from the

delipidation cascade (IDL, compartment 21), or from the

site of secretion.

Compartment apoB masses were included in the fitting

procedure. After we fitted the model to the tracer/tracee

data, apoB-100 fractional catabolic rates (FCR) and pro-

duction rates (PR) were determined using the best fit. The

FCR for all lipoprotein fractions were calculated by adding

the individual rate constants, termed k values, leaving the

compartments. For turnover calculation, we used a

weighted, related to mass distribution, average of the

turnover rates of individual pools. We were able to apply

this model to all subjects studied under medication and

under control conditions. All parameters were fitted as

adjustables.

As indicated by the fractional distribution parameters d

(Fig. 1), about 87% of the material was secreted as VLDL,

FF
Plasma

1 delay 

11
VLDL 

2

21
IDL 

31
LDL 

k(2,1) d(11,2)

k(0,11) 

k(0,21) 

k(0,31) 

k(31,21) 

k(21,11) d(21,2) 

d(31,2) 

A: 0.014 ± 0.004 
B: 0.011 ± 0.004 
C: 0.011 ± 0.002 

A: 0.870 ± 0.088 
B: 0.869 ± 0.092 
C: 0.853 ± 0.138 

A: 0.144 ± 0.072 
B: 0.139 ± 0.081 
C: 0.118 ± 0.024 

A: 0.002 ± 0.007 
B: 0.035 ± 0.046 
C: 0.028 ± 0.036 

A: 0.006 ± 0.002 
B: 0.010 ± 0.004 
C: 0.012 ± 0.006 

A: 0.082 ± 0.033 
B: 0.126 ± 0.086 
C: 0.196 ± 0.216 

A: 0.048 ± 0.074 
B: 0.005 ± 0.009 
C: 0.030 ± 0.078 

A: 0.036 ± 0.043 
B: 0.091 ± 0.071 
C: 0.065 ± 0.029 

A: 0.028 ± 0.015 
B: 0.036 ± 0.028 
C: 0.048 ± 0.031 

Fig. 1 Rate constants, pool

sizes of apoB-100 and fractional

distribution parameters out of

the delay compartment in eight

subjects under no-treatment

conditions (phase A), during

treatment with 40 mg/day

simvastatin (phase B) and

during chronic treatment with

an additional oral bolus of

80 mg simvastatin (phase C).

Unit for delay is given as

hours ± SD, unit for rate

constants is given as pools/

d ± SD. FF forcing function

494 Lipids (2010) 45:491–500

123



up to 4% as IDL and up to 8% as LDL. Under simvastatin

treatment there was a trend towards a decrease in the

proportion secreted as VLDL from 87 to 85%. However,

these differences were not significant. There were signifi-

cant differences between the main rate constants of the

lipoprotein delipidation cascade between the three treat-

ment phases. The conversion of VLDL to IDL was

increased by simvastatin, as were the conversion from IDL

to LDL and the final catabolism from the LDL compart-

ment (see legend to Fig. 1).

Statistical Analysis

The primary study outcomes were the main kinetic

parameters pool size, FCR, and PR determined by multi-

compartmental modeling. The null hypothesis was no

change in kinetic parameters between treatment phases.

Statistical analysis was performed using the non-paramet-

ric Friedman test to determine overall differences. Multiple

comparisons between groups were performed using Wil-

coxon signed rank tests. The trial was powered to achieve

statistically significant results in the event of six out of

eight cases showing unidirectional changes for one

parameter. Statistical analysis was carried out using Stat-

View Version 5.0 (SAS Institute, Inc., Cary, NC, USA).

Compartment modeling was performed using SAAM II

(Simulation, Analysis, and Modeling Software for Kinetic

Analysis), Version 1.1.2 (SAAM Institute, University of

Washington, WA, USA). Dietary protocols were evaluated

using Prodi Version 4.5 Software (Wissenschaftliche Ver-

lagsgesellschaft, Stuttgart, Germany).

Results

Characteristics of Subjects

Table 1 shows the baseline characteristics of the sub-

jects. Mean age was 43 years and subjects were non-

obese with a mean BMI of 25.3 kg/m2. Lean body mass

and fat mass were 76 and 24%, respectively, as measured

by bioelectrical impedance analysis. Their apolipoprotein

E (apoE) phenotype consisted of E2 and/or E3 alleles.

None of the subjects smoked. All had normal fasting

plasma glucose and insulin concentrations, and normal

thyroid hormone levels. All other blood values were also

in the normal range. Their mean ± SD baseline HDL

cholesterol concentration was 35 ± 7 mg/dL. All sub-

jects maintained their body weights throughout the study.

Analysis of their dietary protocols did not show any

differences between the three treatment phases (Table 2).

Medication compliance was excellent as documented by

pill count.

Lipoprotein Concentrations and Relative Composition

Lipoprotein Concentrations

Table 3 shows the lipoprotein concentrations at baseline

(A) and during the two treatment phases (B and C).

Between phases A and B total cholesterol, VLDL-C, IDL-

C, and LDL-C decreased significantly by 27, 34, 44, and

29%, respectively. Decreases in phase C were significantly

more pronounced when compared to phase B. Similarly,

total plasma triglycerides, VLDL-, IDL-, and LDL-tri-

glycerides decreased by 19, 13, 27, and 24% with signifi-

cantly greater effects for plasma and VLDL-triglycerides

during phase C. Plasma apoB-100, VLDL-, IDL-, and

LDL-apoB-100 decreased significantly by 38, 25, 42, and

37%. There was no significant difference of phase B versus

phase C.

Lipoprotein Composition

The ratio of cholesterol to apoB-100 indicates the density

of lipoprotein particles, since each lipoprotein particle

contains only one apoB-100 molecule. Under baseline

conditions, the cholesterol content in relation to the apoB-

100 content was highest in VLDL (ratio 2.6), followed by

IDL (ratio 2.0) and LDL (ratio 1.7). Simvastatin treat-

ment decreased the ratio in VLDL significantly by 14%,

while it was unchanged in IDL and increased significantly

in LDL by 13% (Table 3). In phase C, the decrease in

VLDL was even more pronounced (-30%) and it reached

also statistical significance in IDL (-18%), while the

relative composition of LDL was not significantly

Table 1 Baseline characteristics of the subjects

Parameter Mean ± SD Range

Age (years) 43 ± 15 28–67

Height (cm) 180 ± 6 170–187

Weight (kg) 82 ± 7 74–95

Body mass index (kg/m2) 25.3 ± 2.7 21.5–29.4

Lean body mass (%) 76 ± 4 69–80

Body fat mass (%) 24 ± 4 20–31

ApoE phenotype E2/E3 (2 subjects)

E3/E3 (6 subjects)

HDL cholesterol (mg/dL) 35 ± 7 23–44

Plasma glucose (mg/dL)a 74 ± 7 67–89

Plasma insulin (mU/L)a,

normal range 3–17 mU/L

5.4 ± 2.1 1.7–9.0

Thyroid stimulating hormone

(mU/L)b
1.2 ± 0.7 0.3–2.2

a All subjects were in the non-insulin resistant state, as analyzed by

the homeostasis model assessment [(insulin 9 glucose)/405 \ 1]
b All subjects were euthyroid
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Table 2 Dietary protocols

Parameter Phase A Phase B Phase C

Total energy (kcal/day) 2,363 ± 580 2,272 ± 564 2,321 ± 592

Energy per kg body weight (kcal/day) 29 ± 7 27 ± 5 28 ± 6

Proteins (%) 15 ± 2 15 ± 2 15 ± 3

Carbohydrates (%) 48 ± 7 46 ± 7 47 ± 8

Fats (%) 36 ± 6 38 ± 6 38 ± 7

Saturated fats (%) 14 ± 2 15 ± 3 15 ± 3

Monounsaturated fats (%) 12 ± 3 12 ± 2 13 ± 3

Polyunsaturated fats (%) 5.5 ± 1.3 6.1 ± 1.6 5.9 ± 1.7

Cholesterol (mg/day) 365 ± 123 373 ± 123 361 ± 144

Fiber (g/day) 25 ± 9 24 ± 7 24 ± 8

Alcohol (%) 0.1 ± 0.19 0.05 ± 0.09 0.1 ± 0.2

Individual data are mean values of 4-day dietary protocols. There were no statistically significant differences between phases A, B, and C

Table 3 Lipoprotein concentrations at no treatment (Phase A), during treatment with 40 mg/day simvastatin (Phase B) and during treatment

with 40 mg/day simvastatin and an additional oral bolus of 80 mg simvastatin (Phase C)

Parameter (mean ± SD) Phase A Phase B Phase C % change A

versus B�
% change A

versus C�
% change B

versus C�
Overall P
value�

Cholesterol (mg/dL)

Total cholesterol 238 ± 35 172 ± 17 154 ± 17 –27 ± 9.6** –35 ± 7** –10 ± 9** 0.0011

VLDL-C 31 ± 24 17 ± 10 13 ± 8 –34 ± 35** –44 ± 36** –18 ± 20* 0.0312

IDL-C 29 ± 9 16 ± 6 12 ± 5 –44 ± 13** –55 ± 13** –18 ± 23** 0.0008

LDL-C 135 ± 30 94 ± 17 82 ± 15 –29 ± 14** –38 ± 12** –12 ± 13** 0.0008

Triglycerides (mg/dL)

Plasma TG 111 ± 44 87 ± 31 77 ± 28 –19 ± 20** –28 ± 19** –11 ± 10** 0.0111

VLDL TG 70 ± 35 58 ± 27 49 ± 25 –13 ± 30* –24 ± 30** –12 ± 16* 0.135

IDL TG 9 ± 2 6 ± 2 6 ± 2 –27 ± 16** –27 ± 20** ?3 ± 27 0.0098

LDL TG 19 ± 4 14 ± 5 13 ± 3 –24 ± 15** –32 ± 10** –9 ± 16 0.0046

ApoB-100 (mg/dL)

Plasma apoB 108 ± 16 66 ± 11 59 ± 12 –38 ± 10** –46 ± 7** –11 ± 13* 0.0022

VLDL apoB 11 ± 6 8 ± 4 7 ± 2 –25 ± 29* –20 ± 32* ?18 ± 69 0.223

IDL apoB 15 ± 5 8 ± 3 8 ± 4 –42 ± 16** –44 ± 17** –2 ± 28 0.0022

LDL apoB 80 ± 13 50 ± 10 45 ± 7 –37 ± 12** –43 ± 8** –8 ± 13 0.0022

Ratio cholesterol/apoB

Ratio C/apoB in plasma 2.2 ± 0.2 2.6 ± 0.3 2.7 ± 0.3 ?20 ± 12** ?21 ± 12** ?2 ± 9 0.0022

Ratio C/apoB in VLDL 2.6 ± 1.1 2.1 ± 0.4 1.7 ± 0.6 –14 ± 23* –30 ± 28** –20 ± 22** 0.0015

Ratio C/apoB in IDL 2.0 ± 0.2 1.9 ± 0.2 1.6 ± 0.2 –2 ± 12 –18 ± 14** –15 ± 15** 0.0547

Ratio C/apoB in LDL 1.7 ± 0.2 1.9 ± 0.1 1.8 ± 0.1 ?13 ± 11** ?8 ± 13 –5 ± 8 0.0847

Ratio triglycerides/apoB

Ratio TG/apoB in plasma 1.0 ± 0.4 1.3 ± 0.5 1.3 ± 0.4 ?39 ± 54* ?35 ± 41* ?1 ± 14 0.216

Ratio TG/apoB in VLDL 6.5 ± 1.4 7.6 ± 1.6 6.4 ± 1.9 ?18 ± 18* ?2 ± 34 –15 ± 23** 0.197

Ratio TG/apoB in IDL 0.6 ± 0.1 0.8 ± 0.2 0.9 ± 0.3 ?37 ± 53* ?49 ± 67* ?13 ± 41 0.093

Ratio TG/apoB in LDL 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 ?24 ± 32 ?21 ± 26* –2 ± 16 0.43

C cholesterol, TG triglyceride and apoB apolipoprotein B-100

* P \ 0.1, ** P \ 0.05
� Wilcoxon signed rank test
� Friedman test
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changed. The ratio of triglycerides to apoB-100 showed a

large variability. Under baseline conditions, VLDL had

the largest triglyceride content (ratio 6.5) while it was

lower in IDL (ratio 0.6) and LDL (ratio 0.2). Treatment

did not significantly affect the relative composition, but

an increase of the ratio of 20 to 50% indicated that

treatment decreased apoB-100 to a greater extent than

triglyceride content.

Kinetics of apoB-100

Detailed kinetic information obtained by multicompart-

mental model analysis is summarized in Table 4 and in

Fig. 1. Mean VLDL, IDL, and LDL apoB-100 tracer/tracee

ratios during phases A, B and C are shown in Fig. 2.

In short, IDL and LDL apo-B-100 pool sizes decreased

significantly during phases B and C as compared to phase

A [for IDL -42% (P = 0.012) and -49% (P = 0.012)];

for LDL [-36% (P = 0.012) and -42% (P = 0.012), for

phases B and C respectively]. Pool size tended to decrease

in VLDL [-25% in B (P = 0.069) and -20% in C

(P = 0.069)]. There were no significant differences

between phase B and C.

Fractional catabolic rates were significantly higher in

IDL and LDL during phase B (?169 and ?87%). The

change in VLDL FCR did not reach statistical significance.

Table 4 Pool sizes, fractional catabolic rates, and production rates of VLDL, IDL, and LDL apoB-100 during phases A, B, and C

Parameter

(mean ± SD; range;

P value)

Phase A Phase B Phase C % change

A versus B�
% change

A versus C�
% change

B versus C�
Overall

P value�

VLDL apoB-100

Pool size (mg) 419 ± 249

(148–856)

293 ± 146

(69–472)

279 ± 99

(135–421)

-25 ± 30

(-62 to ?22)

P = 0.069

-20 ± 32

(-51 to ?37)

P = 0.069

?17 ± 68

(-33 to ?177)

P = 0.67

0.22

FCR (pools/d) 4.3 ± 1.6

(1.6–6.6)

5.5 ± 2.6

(2.9–11.0)

4.4 ± 1.1

(2.3–5.6)

?35 ± 52

(-13 to ?130)

P = 0.21

?21 ± 76

(-50 to ?195)

P = 0.89

-15 ± 50

(-80 to ?56)

P = 0.48

0.61

PR (mg kg-1 d-1) 18 ± 5

(12–26)

16 ± 6

(9–27)

15 ± 6

(7–23)

-8 ± 26

(-33 to ?27)

P = 0.26

-13 ± 41

(-64 to ?47)

P = 0.26

-13 ± 52

(-76 to ?87)

P = 0.78

0.61

IDL apoB-100

Pool size (mg) 531 ± 171

(207–713)

297 ± 102

(193–438)

258 ± 82

(145–381)

-42 ± 16

(-60 to -7)

P = 0.0117

-49 ± 12

(-69 to -30)

P = 0.0117

-10 ± 19

(-29 to ?31)

P = 0.16

0.0015

FCR (pools/d) 0.73 ± 0.32

(0.41–1.32)

1.71 ± 1.01

(0.89–4.02)

1.82 ± 0.57

(1.0–2.7)

?169 ± 184

(?9 to ?559)

P = 0.08

?187 ± 147

(?27 to ?472)

P = 0.032

?102 ± 125

(-49 to ?368)

P = 0.093

0.0008

PR (mg kg-1 d-1) 4.3 ± 1.5

(2.9–7.4)

5.6 ± 2.6

(2.0–10)

5.4 ± 1.7

(4.1–9.5)

?47 ± 87

(-48 to ?194)

P = 0.26

?38 ± 65

(-34 to ?175)

P = 0.21

?79 ± 103

(-59 to ?270)

P = 0.67

0.20

LDL apoB-100

Pool size (mg) 2,932 ± 437

(2,073–3,547)

1,841 ± 305

(1,415–2,410)

1,670 ± 206

(1,387–2,011)

-36 ± 12

(-52 to -22)

P = 0.0117

-42 ± 8

(-52 to -29)

P = 0.0117

-8 ± 13

(-23 to ?14)

P = 0.124

0.0022

FCR (pools/d) 0.14 ± 0.04

(0.09–0.20)

0.23 ± 0.10

(0.12–0.40)

0.28 ± 0.14

(0.12–0.57)

?87 ± 115

(-19 to ?342)

P = 0.0251

?133 ± 173

(-17 to ?522)

P = 0.0251

?41 ± 61

(-49 to ?148)

P = 0.093

0.011

PR (mg kg-1 d-1) 5.1 ± 1.9

(3.3–9.2)

5.2 ± 2.2

(3.0–9.6)

5.6 ± 2.7

(3.1–11.1)

?19 ± 76

(-67 to ?162)

P = 0.69

?30 ± 90

(-62 to ?203)

P = 0.67

?30 ± 61

(-51 to ?149)

P = 0.40

0.69

FCR fractional catabolic rate, PR production rate, apoB-100 apolipoprotein B-100
� Wilcoxon signed-rank test
� Friedman test
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During phase C, IDL and LDL FCRs tended to be further

significantly increased (?187 and ?133%) in comparison

to phase B, while there was no difference between phases B

and C in the VLDL FCR.

Regarding production rates, mean values were decreased

in VLDL and increased in IDL and LDL, however these

changes were not statistically significant.

Discussion

There is experimental [21, 22] and clinical [23–27] evi-

dence suggesting that HMG-CoA-reductase inhibitors

decrease the hepatic secretion of VLDL apoB-100, the

precursor of the major apoB-100-containing lipoproteins.

ApoB-100 is synthesized by the liver and secreted pri-

marily with VLDL. Once in plasma, VLDL is subjected to

hydrolysis by lipoprotein lipase that converts the triglyc-

eride-rich particles into IDL and LDL. Therefore, the fall in

LDL concentrations during statin treatment could also be

due to a reduction in the conversion rate of VLDL to LDL,

in addition to the enhanced receptor-mediated fractional

removal of LDL from the circulation. This has been sug-

gested by early investigations using radioisotope tracers

[28]. In the present study we investigated apoB-100 lipo-

protein turnover with a special focus on lipoprotein

secretion or production.

The influence of simvastatin on apoB-100 kinetics was

investigated in fasting non-obese subjects with near normal

LDL cholesterol levels and normal triglycerides, to test the

hypothesis that simvastatin decreases production of apoB-

100-containing lipoproteins. Fasting state was chosen since

it has been shown that the major predictor for VLDL apoB-

100 production rate is feeding [29]. In our study, inhibition

of HMG-CoA reductase (and thus cholesterol synthesis)

using a standard dose of the most widely used statin

resulted in the following major findings: Pools sizes of all

three lipoprotein fractions decreased due to increased

FCRs. FCRs were significantly increased in IDL and LDL.

In VLDL, mean FCR also increased slightly but the change

did not reach statistical significance due to a large variation

of the response. Production rates tended to decrease in

VLDL and to increase in IDL and LDL lipoprotein frac-

tions, as derived from the multicompartment model.

It is generally assumed that statins lower cholesterol by

enhancing lipoprotein catabolism through a statin-induced

up-regulation of hepatic LDL receptors. However, addi-

tional mechanisms have been postulated, such as the pro-

duction of an apoB-100-containing lipoprotein particle that

is a better ligand for the LDL receptor or a reduced pro-

duction of LDL apoB-100 due to either a decreased

secretion of LDL directly into the plasma, or to a decreased

conversion of VLDL to LDL (via IDL) [30]. Decreased

conversion may be due to either reduced secretion of

hepatic VLDL or increased removal of VLDL (and IDL)

from the plasma by up-regulated LDL receptors. The
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Fig. 2 Leucine tracer/tracee ratios for VLDL apoB-100 under

no-treatment conditions (phase A), during treatment with 40 mg/day

simvastatin (B), and after an additional bolus of 80 mg simvastatin

during chronic treatment with 40 mg/day (C). Results are mean-

s ± SEM. To increase readability, panel A shows the whole time

course of the study until 240 h, panel B until 16 h and panel C until

2 h (only VLDL and IDL)
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findings of our study confirm and expand these hypotheses.

We found a clearly enhanced catabolic rate of LDL (FCRs

increased by 87 and 133%, phases B and C, respectively).

It should be pointed out that under our experimental con-

ditions in phase C, acute-on-chronic statin administration,

we achieved a situation in vivo where the expression of the

LDL receptor can be expected to be maximal. Our data

support the assumption that statins induce the production of

a lipoprotein particle that is a better ligand for the LDL

receptor, since the catabolic rate also of IDL but not of

VLDL increased. We found that simvastatin treatment was

associated with increased removal rate constants of IDL

and LDL (k(0,21) and k(0,31)). This finding could be

explained by the simvastatin-induced changes in the com-

position of apoB-100-containing lipoproteins, thus

increasing their affinity for the LDL receptor, as previously

described [30]. The acute large dose of statin, however,

was not reflected in changes to apoB-100 kinetic variables

although cholesterol was reduced in lipoprotein fractions.

These findings suggest that a further up-regulation of the

processes responsible for the metabolism and clearance of

apoB-100 from plasma is not possible due to the uncou-

pling of the statin effect on cholesterol concentrations (and

synthesis?) and the impact on apoB-100 kinetics.

Our subjects had baseline VLDL PR and FCR very

similar to those previously described in the literature for

normolipidemic subjects [31]. Our data show that under

simvastatin treatment the VLDL PR was not significantly

decreased. Our results are in agreement to those of Lamon-

Fava et al. [32] who showed that atorvastatin does not alter

the VLDL PR of subjects with apo B-100 PR within the

normal range of normolipidemic men and women. The

VLDL-lowering effect (decrease in pool size of approxi-

mately 25%) is probably due to an increased catabolism of

VLDL particles, although the VLDL FCR showed a large

variability in the response to statin treatment from a

decrease of -13% to an increase of ?130%, whereas the

variability in PR was not as great.

Regarding the observed increase in the LDL FCR, our

results are in agreement to the results of Malmendier et al.

[33] who, using radiolabeled isotopes, showed in normo-

cholesterolemic subjects that simvastatin increases LDL

FCR, and to those of Parhofer et al. [34] who found that in

subjects with combined hyperlipidemia pravastatin had no

effect on the kinetics of VLDL but was associated with an

increased FCR of LDL. However, in a study in subjects

with combined hyperlipidemia, Cuchel et al. [35] showed

that lovastatin has no significant influence on the FCR of

VLDL, IDL or LDL, but there was a significant decrease

by 25 to 35% in the PRs in all three fractions. Differences

in the characteristics of the subjects, study design, meth-

odology and kinetic model may account for the differences

in results among the studies. In particular, the relatively

low baseline FCRs in our study may be explained by these

differences.

In summary, it could be postulated that the reduction of

LDL by statins through a decreased production of apoB can

be assumed mainly in hyperlipidemic, but not in normo-

lipidemic subjects [23–28, 35, 36]. Thus, higher baseline

cholesterol and/or high triglyceride concentrations seem to

be a prerequisite for this mechanism of action, which

supports the hepatic lipid-availability hypothesis [7, 8].

The study has a number of limitations. Multicompart-

mental analyses usually require steady state conditions,

which may not have been perfectly reached in phase C of

our study, although mass changes were modeled in parallel.

However, in lipoprotein turnover studies samples are usu-

ally taken over several days and a strict steady state cannot

be assumed, unless subjects are completely fasted or con-

tinuously fed, both being unphysiological conditions.

Another limitation may be the power of the statistical

analyses. It has been shown though, that physiologically

meaningful results in paired-design studies can be obtained

with approx. eight subjects [37].

In conclusion, our data suggest that simvastatin affects

mostly the metabolism of apoB-100-containing lipopro-

teins through an increase in their catabolic rate, which is

further robustly increased after an acute-on-chronic statin

administration. The lipid-lowering effect of simvastatin is

not mediated through a decrease in apoB-100 lipoprotein

production rates.
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Abstract In contrast to the consumption of long-chain

triacylglycerols (LCT), consumption of medium- and long-

chain triacylglycerols (MLCT) reduces the body fat and

blood triacylglycerols (TAG) level in hypertriacylglycero-

lemic Chinese individuals. These responses may be affec-

ted by BMI because of obesity-induced insulin resistance.

We aimed to compare the effects of consuming MLCT or

LCT on reducing body fat and blood TAG level in

hypertriacylglycerolemic Chinese subjects with different

ranges of BMI. Employing a double-blind, randomized and

controlled protocol, 101 hypertriacylglycerolemic subjects

(including 67 men and 34 women) were randomly allo-

cated to ingest 25–30 g/day MLCT or LCT oil as the only

cooking oil for 8 consecutive weeks. Anthropometric

measurements of body weight, BMI, body fat, WC, HC,

blood biochemical variables, and subcutaneous fat area and

visceral fat area in the abdomen were measured at week

0 and 8. As compared to subjects with BMI 24–28 kg/m2 in

the LCT group, corresponding subjects in the MLCT group

showed significantly greater decrease in body weight, BMI,

body fat, WC, ratio of WC to HC, total fat area and sub-

cutaneous fat area in the abdomen, as well as blood TAG

and LDL-C levels at week 8. Based upon our results,

consumption of MLCT oil may reduce body weight, body

fat, and blood TAG and LDL-C levels in overweight

hypertriacylglycerolemic Chinese subjects but may not

induce these changes in normal or obese hypertriacylgly-

cerolemic subjects.

Keywords Medium-and long-chain triacylglycerols �
Body fat � Blood triacylglycerols �
Hypertriacylglycerolemia � Overweight � Chinese �
Long-chain triacylglycerols

Abbreviations

ALT Alanine aminotransferase

AST Aspartate aminotransferase

BMI Body mass index

HC Hip circumference

HDL-C High-density lipoprotein-cholesterol

LCT Long-chain triacylglycerols

LDL-C Low-density lipoprotein-cholesterol

MLCT Medium- and long-chain triacylglycerols

SFA Subcutaneous fat area

TAG Triacylglycerols

TFA Total fat area

VFA Visceral fat area

WC Waist circumference

WHR Ratio of waist circumference to hip

circumference

Introduction

The prevalence of being overweight or obese has increased

by 40.7 and 97.2%, respectively, in mainland China since

1992 [1]. This trend will undoubtedly increase the inci-

dence of chronic diseases such as hypertension, diabetes,

stroke and coronary heart disease. The total medical cost
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that can be attributed to being overweight and obese was

estimated at 21.11 billion Chinese Renminbi (RMB) Yuan

and accounted for 25.5% of the total medical costs for the

four chronic diseases, or 3.7% of the total national medical

costs, in 2003 [2]. The high economic burden of being

overweight or obese suggests an urgent need to develop

effective interventions for preventing and controlling

overweightedness and obesity. Hypertriacylglycerolemia is

an independent risk factor for cardiovascular disease [3, 4].

There is a suggestion that choosing the right type of dietary

fat could be an effective strategy for preventing weight

gain or fat deposition and reducing the blood levels of

triacylglycerols (TAG) under an appropriate dietary regi-

men [3, 5].

Ordinary dietary fats are mainly long-chain triacylgly-

cerols (LCT) composed of long-chain fatty acids with

carbon numbers ranging from 14 to 18. In contrast, med-

ium-chain triacylglycerols (MCT), composed of fatty acids

with carbon numbers of 8–12, are found in palm oil and

coconut oil, which are minor components of a normal diet.

However, the carbon numbers of MCT used in our study

were 8–10. Because MCT are hydrolyzed more rapidly and

metabolized more completely than are LCT, rapid oxida-

tion prevents deposition of fat [6]. For these reasons, MCT

may be useful in dietary therapy. Animal studies have

shown that consumption of MCT decreases body weight

and the amount of fat deposited [7]. Dietary MCT also

reduce body fat accumulation in healthy men and women

[8]. Furthermore, ingestion of 18 g/day MCT has been

shown to decrease body weight and waist circumference

(WC) in moderately overweight humans with type 2 dia-

betes mellitus [9].

MCT are difficult to use as cooking oil because of a low

smoke point and foam generation on being mixed with

other vegetable oils or in frying. A new oil composed of

medium- and long-chain triacylglycerols (MLCT) in the

same glycerol molecule range produced by a transesterifi-

cation technique has been developed recently as a cooking

oil [10]. Our previous studies indicated that MLCT reduced

body fat and blood TAG in Chinese hypertriacylglycero-

lemic subjects [11]. However, whether body mass index

(BMI) affects the response in these hypertriacylglycero-

lemic Chinese individuals is unknown.

Elevated levels of free fatty acids (FFA) in the blood

commonly seen in obese persons are associated with the

expansion of adipose mass and insulin resistance. Blood

cytokines such as leptin, plasminogen activator inhibitor-1

(PAI-1), tumor necrosis factor-a (TNF-a), and interleukin-6

(IL-6) levels were often increased in obese subjects.

These are thought to promote insulin resistance [12].

Insulin resistance might hinder any increase in fat oxida-

tion and induce difficulties in the reduction of body fat and

TAG in obese subjects. These observations prompted us to

investigate the response to MLCT consumption in subjects

with different BMI categories.

The working group on obesity in China suggested that

BMI values of 24–28 kg/m2 and C28 kg/m2 indicated

overweight and obesity, respectively, in Chinese individ-

uals [13]. We analyzed our previous data based on the BMI

categories to elucidate whether overweight individuals

responded differently to MLCT consumption than did

obese individuals.

Materials and Methods

Study Design and Subjects

The study was carried out in accordance with the Helsinki

Declaration and was approved by the Ethics Committee of

the Chinese People’s Liberation Army General Hospital.

The study procedures were fully explained to all subjects,

who gave their informed consent before the start of the

study. The study was a double-blind, randomized clinical

trial involving 76 men and 36 women with hypertriacyl-

glycerolemia values of 1.7–4.5 mmol/L. All subjects had

no history of diabetes, hypertension, renal and hepatic

disease, or gastrointestinal disease and were not receiving

any medication. The study population was randomly

allocated to receive MLCT or LCT oil by random num-

bers assigned by the providers of the MLCT and LCT oil,

who also encoded the oils with matching random num-

bers. Neither the subjects nor the researchers of this study

knew which subject was receiving which oil during the

study. Before starting the study, dietary energy intake for

each individual was calculated using the Harris–Benedict

equation. Food choice and amount for each subject were

suggested by experienced dietitians and doctors by face-

to-face communication. Recommended daily carbohy-

drates were about 55–60% of total daily calorie intake,

and mainly came from complex carbohydrate of the

starch food group, such as cereals and tubers. Ready-to-

eat cereal products such as biscuits, crackers, instant

noodles, etc. containing higher fat and/or higher refined

sugar and alcoholic beverage were not allowed to be

eaten during the study period. Recommended daily fats

were about 25–30% of total energy intake, MLCT or LCT

oil, as the only cooking oil, was to be consumed at a rate

of 25–30 g/day, which was about 12–15% of the total

daily energy intake, other types oil such as coconut were

not allowed to be used during our study. Other fat mainly

came from balanced foods such as egg, milk, lean red

meat and white meat. These recommended foods provide

balanced nutrients. The dietary regimen was maintained at

relatively fixed energy and nutrients intake. In addition,

both the time and the intensity of physical activity for
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each subject were well controlled. A manual on the study

was distributed to all subjects, in which all subjects were

specifically advised how to maintain healthy bodily

activity and to take moderately intensive exercise daily

throughout the trial. The recommended activities were

walking (4–5 km/h), housework, babysitting, and bicycle-

riding (8–10 km/h), etc.

The subjects were instructed to record their physical

activity intensity, duration and method for 3 days and the

intake of the type and quantity of food for 3 days each

week (including one weekend day) at baseline (week 0)

and at weeks 2, 4, 6 and 8. The physical activities

included walking (4–5 km/h), housework, childcare, and

bicycle riding (8–10 km/h). The diaries were collected

weekly to confirm that subjects were following the

instructions, and if not, the subjects were advised to drop

out of the study. Daily intake of energy, fat, protein, and

carbohydrates was calculated from the food record on the

basis of the China Food Composition Tables published in

2002.

Anthropometric and Biochemical Measurements

Anthropometric variables were measured by trained

investigators. Body weight and height were measured to

the nearest 0.1 kg and 0.1 cm. WC was measured at the

umbilical level. Hip circumference (HC) was measured at

the level of the greatest posterior protuberance. Both WC

and HC were measured to the nearest 0.1 cm with the

subject in a standing position, and the ratio of WC to HC

(WHR) was calculated. All measurements were taken at

baseline and at week 8.

Blood samples were taken in the morning after 12 h of

overnight fasting at baseline and week 8. Levels of

aspartate aminotransferase (AST), alanine aminotransfer-

ase (ALT), blood glucose, total cholesterol (TC), TAG,

high-density lipoprotein cholesterol (HDL-C), and low-

density lipoprotein cholesterol (LDL-C) were measured

using a 7600-automated system (Hitachi, Tokyo, Japan).

Measurement of Body Fat and Abdominal Fat Area

by Computed Tomography (CT)

The measurements were carried out after 12 h overnight

fasting at baseline and at week 8. Body fat was measured

by use of a BCA-2A body composition analyzer (Tong-

fang, Qinghua, Beijing, China). Subjects underwent CT

[Pro 16 CT (GE, USA)] scanning at the umbilical level at

the Chinese People’s Liberation Army General Hospital.

Visceral fat area (VFA) and subcutaneous fat area (SFA)

were obtained from the CT images as described in [14].

Blood sampling, anthropometric measurements and CT

scanning were performed on the same day.

Test Oils

The test oils of MLCT and LCT were supplied by The

Nisshin Oillio Group (Tokyo). The fatty acids and TAG

compositions of MLCT and LCT are listed in Table 1 and

the same as those in a previous report [10]. In MLCT, the

concentration of medium-chain fatty acids (MCFA), C8:0

and C10:0, was 13% of total MLCT oil weight (Table 1).

Statistical Analysis

Data were expressed as means ±SD. The general linear

model (GLM) was used to test almost all data except for a

chi-square test for gender distribution. In our GLM anal-

ysis, fixed factors were BMI and oil, a random factor was

gender, covariate was age. The full factorial model, which

included main effects and factors interaction, was used in

our study. If a significant difference was detected, com-

parisons of means were performed by Student’s t test

between the two groups and by a paired t test between the

initial and final values in the same group. All analyses

involved use of SPSS v10.0 for Windows (SPSS Inc.,

Table 1 Fatty acid and triacylglycerols compositions of LCT and

MLCT oil

Fatty acid LCT (g/100 g

total weight)

MLCT (g/100 g

total weight)

8:0 ND 9.7

10:0 ND 3.3

16:0 6.2 3.8

16:1 0.2 0.2

18:0 2.5 1.7

18:1 48.8 51.2

18:2 30.2 18.4

18:3 9.4 9.0

20:0 0.6 0.6

20:1 1.1 1.2

22:0 0.4 0.3

22:1 0.2 0.3

24:0 0.2 0.1

24:1 0.2 0.2

Total 100 100

Triacylglycerols

L, L, L 100.0 55.1

L, L, M ND 35.2

L, M, M ND 9.1

M, M, M ND 0.6

Total 100.0 100.0

L long-chain fatty acids, M medium-chain fatty acids, LCT long-chain

triacylglycerols, MLCT medium- and long-chain triacylglycerols,

ND not detected

Lipids (2010) 45:501–510 503
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Chicago, IL, USA). The level of significant difference was

set at P \ 0.05.

Results

Subjects

Among the subjects, one had a traffic accident, one had a

cerebral infarction, two were not willing to consume the

specified oil and seven were unable to consume the oil for

consecutive days (three were out of town on business and

four were on vacation). Thus these eleven subjects were

excluded from our study, and 101 subjects were enrolled

finally in the study. There were 34 men and 16 women left

in the LCT group, and 33 men and 18 women in the MLCT

group at the end of the study. No gender distribution dif-

ferences were noted between the two groups. The charac-

teristics of the groups at the beginning of the study are

shown in Table 2.

Intakes of Energy, Protein, Fat, Carbohydrate

and Physical Activity Time and Gender Distribution

GLM analysis revealed that there was no significant dif-

ference in daily intake of total energy, protein, fat and

carbohydrate or daily physical activity time among all the

subgroups at baseline and week 8 (P [ 0.05). In addition,

chi-square analysis showed that there was no significant

difference in gender distribution among all subgroups

(Table 3).

Anthropometric Measurements

GLM analysis showed that the oil had an effect, but the

BMI no effect. As compared with their initial levels, body

weight, BMI and WC decreased significantly in subjects

with different BMI categories in the MLCT group. HC and

WHR were lowered significantly in subjects with BMI 24–

28 kg/m2 in the MLCT group. WHR decreased signifi-

cantly in subjects with BMI C28 kg/m2 in the MLCT

group (P \ 0.05; Table 4). However, no similar changes in

these indices were observed in the LCT group.

BMI 9 oil interaction was found using GLM analysis,

further analysis revealed that there were greater decreases

in the changes of body weight, BMI, WC and WHR in

subjects with a BMI 24–28 kg/m2 in the MLCT group as

compared to their corresponding controls in the LCT group

(P \ 0.05; Table 4 and Fig. 1).

Body Fat Composition

GLM analysis showed that the oil has effects, but the BMI

no effect. When compared with their baseline, body fat

weight, TFA and SFA decreased significantly in subjects

with BMI 24–28 kg/m2 in MLCT group, but TFA and VFA

increased in the same BMI category in the LCT group.

Body fat weight and TFA was lowered significantly in

subjects with a BMI \24 kg/m2 in the MLCT group,

however, VFA increased in the same BMI category in the

LCT group (P \ 0.05; Table 5).

BMI 9 oil interaction was found using GLM analysis,

further analysis revealed the extent of decreases in changes

and change rates of body fat weight, TFA and SFA in

subjects with a BMI 24–28 kg/m2 were greater in the

MLCT group than those in corresponding subjects in the

LCT group (P \ 0.05; Table 5).

Blood Biochemical Variables

GLM analysis showed that the oil had effects, but the BMI

no effect. When compared to their baseline, a significant

decrease in blood TAG and an increase in HDL-C in

subjects with a BMI 24–28 kg/m2 in the MLCT group were

observed; however, blood TAG, LDL-C and TC levels

were significantly higher in the same BMI category sub-

jects in the LCT group; LDL-C and TC increased signifi-

cantly in subjects with a BMI\24 kg/m2 in the LCT group.

Blood TAG levels decreased significantly in subjects with

a BMI C 28 kg/m2 in the MLCT group (P \ 0.05;

Table 6).

BMI 9 oil interaction was found by using GLM anal-

ysis, further analysis revealed that the extent of decreases

in changes and change rates in blood TAG and LDL-C

were greater in subjects with a BMI 24–28 kg/m2 in the

Table 2 Characteristics of subjects consuming long-chain triacyl-

glycerols (LCT) or medium- and long-chain triacylglycerols (MLCT)

oil at baseline

Index LCT (n = 50) MLCT (n = 51)

Age (year) 53.2 ± 13.0 54.2 ± 12.5

Male (%) 34 (68.0%) 33 (64.7%)

Height (cm) 165.9 ± 8.8 166.5 ± 6.7

Body weight (kg) 71.5 ± 9.0 72.0 ± 11.4

BMI (kg/m2) 25.9 ± 2.4 25.9 ± 3.3

Body fat weight (kg) 17.2 ± 4.4 17.4 ± 5.8

Body fat (%) 24.2 ± 6.2 23.9 ± 5.7

ALT (U/L) 25.5 ± 14.3 25.3 ± 14.9

AST (U/L) 22.1 ± 6.2 23.7 ± 8.9

Glucose (mmol/L) 5.1 ± 0.9 5.4 ± 1.0

TC (mmol/L) 5.2 ± 0.9 5.2 ± 0.8

TAG (mmol/L) 2.6 ± 0.7 2.7 ± 0.8

ALT alanine aminotransferase, AST aspartate aminotransferase, BMI
body mass index, TC total cholesterol, TAG triacylglycerols
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MLCT group than those in corresponding subjects in the

LCT group (P \ 0.05; Table 6).

Discussion

In this study, consumption of MLCT oil induced significant

decreases in body weight, body fat, and SFA in hyper-

triacylglycerolemic and overweight subjects as compared

with that of LCT oil. Our results agree with those of

St-Onge et al. [15], who found that consumption of a diet

rich in MLCT for 28 days resulted in greater loss of adi-

pose tissue in overweight men than did a diet rich in LCT.

Our results are similar to those of Tsuji et al. [8], Nosaka

et al. [16] and Kasai et al. [17]. Tsuji et al. [8] who found

that a 10-g/day MLCT consumption might reduce body

weight and fat in individuals with a BMI C23 kg/m2 as

compared with LCT consumption. Nosaka [16] found

similar effects on the body composition with one-half of

the MCT intake than that in the previous study. Kasai et al.

[17] reported that subjects consuming the test bread, which

had been made with 14 g (about 6% of total energy) of

Table 4 Changes in anthropometric measurements in the two groups consuming LCT or MLCT oil with different body mass indexes at baseline

(week 0) and week 8

BMI

(kg/m2)

Time

(week)

LCT (n = 50) MLCT (n = 51)

Mean ± SD D D% Mean ± SD D D%

Body weight (kg) \24 0 64.53 ± 5.99 62.53 ± 5.37

8 63.83 ± 6.20 –0.77 ± 1.45 –1.18 ± 2.20 60.92 ± 5.06* –1.60 ± 1.71 –2.51 ± 2.73

24–28 0 71.32 ± 5.71 72.20 ± 8.08

8 70.74 ± 5.54 –0.59 ± 1.59 –0.78 ± 2.18 70.15 ± 7.57* –2.05 ± 1.52# –2.78 ± 2.03#

C28 0 79.38 ± 6.52 86.17 ± 7.56

8 79.18 ± 6.51 –0.21 ± 2.22 –0.21 ± 2.78 84.41 ± 8.15* –1.75 ± 2.57 –2.06 ± 3.06

BMI (kg/m2) \24 0 22.24 ± 1.91 22.75 ± 1.06

8 22.10 ± 1.88 –0.30 ± 0.58 –1.33 ± 2.47 22.13 ± 0.89* –0.63 ± 0.66 –2.69 ± 2.85

24–28 0 26.07 ± 1.28 25.98 ± 1.07

8 25.88 ± 1.55 –0.19 ± 0.61 –0.75 ± 2.34 25.25 ± 1.18* –0.73 ± 0.61# –2.80 ± 2.36#

C28 0 30.28 ± 1.81 30.61 ± 2.08

8 30.13 ± 2.11 –0.14 ± 0.95 –0.49 ± 3.19 29.85 ± 2.33* –0.76 ± 0.88 –2.51 ± 2.95

WC (cm) \24 0 84.28 ± 6.53 82.89 ± 4.36

8 83.78 ± 6.44 –0.5 ± 2.75 –0.53 ± 3.31 81.94 ± 4.54* –0.95 ± 1.05 –1.15 ± 1.28

24–28 0 88.32 ± 5.06 90.2 ± 6.13

8 88.09 ± 4.86 –0.24 ± 1.13 –0.25 ± 1.29 88.85 ± 6.06* –1.35 ± 0.86# –1.49 ± 0.95#

C28 0 93.88 ± 6.24 98.25 ± 7.02

8 93.82 ± 5.79 –0.06 ± 1.42 –0.02 ± 1.53 97.13 ± 7.53* –1.13 ± 1.52 –1.17 ± 1.56

HC (cm) \24 0 94.4 ± 2.61 92.87 ± 2.92

8 94.2 ± 2.61 –0.20 ± 1.16 –0.21 ± 1.24 92.45 ± 2.77 –0.42 ± 1.10 –0.44 ± 1.19

24–28 0 98.85 ± 5.56 99.40 ± 4.69

8 98.35 ± 5.43 –0.5 ± 1.13 –0.49 ± 1.12 98.77 ± 4.81* –0.63 ± 0.84 –0.63 ± 0.86

C28 0 102.93 ± 3.81 106.35 ± 4.98

8 102.71 ± 4.14 –0.21 ± 0.97 –0.22 ± 0.96 106.10 ± 5.80 –0.25 ± 1.40 –0.26 ± 1.32

WHR \24 0 0.88 ± 0.06 0.89 ± 0.04

8 0.88 ± 0.06 –0.00 ± 0.03 –0.31 ± 2.93 0.89 ± 0.05 –0.01 ± 0.01 –0.70 ± 1.48

24–28 0 0.90 ± 0.06 0.91 ± 0.06

8 0.90 ± 0.06 0.00 ± 0.01 0.26 ± 1.52 0.90 ± 0.06* –0.01 ± 0.01# –0.86 ± 1.03#

C28 0 0.93 ± 0.06 0.91 ± 0.06

8 0.93 ± 0.06 –0.00 ± 0.01 –0.10 ± 1.34 0.90 ± 0.06* –0.01 ± 0.01 –1.14 ± 1.61

D represents week 8 versus week 0, D% represents change rate against week 0

BMI body mass index, HC hip circumference, WC waist circumference, WHR ratio of waist circumference to hip circumference

* Different from week 0, P \ 0.05
# Different from LCT group, P \ 0.05
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MLCT containing 1.7 g MCFA had significant reduced

body weight and body fat accumulation. From these

results, we can suggest that an intake of 10–14 g MLCT

can reduce body weight and body fat.

Yost and Eckel [18] conducted a study of the effect of

an 800 kcal diet containing MCT. MCT intake did not

result in greater weight loss in obese women than an iso-

caloric diet containing LCT. It is possible that small weight

loss of MCT intake may be indistinguishable from the large

weight loss effects of very low calorie diets. The study

supports our finding that MLCT consumption may not be

more effective at reducing fat mass in obese individuals

than in overweight individuals.

Our results indicated that overweight subjects responded

better to MLCT consumption than did lean or obese sub-

jects. These different effects might be due to the metabolic

difference in energy expenditure and fat oxidation in sub-

jects with different body weights. A previous study showed

that normal weight and morbidly obese subjects had similar

increases in postprandial energy expenditure over resting

metabolic rate value [19]; however, fat oxidation was

found to be greater in normal weight subjects than in obese

Table 5 Changes in body fat in two groups consuming LCT or MLCT oil with different BMI at baseline (week 0) and week 8

BMI

(kg/m2)

Time

(week)

LCT (n = 50) MLCT (n = 51)

Mean ± SD D D% Mean ± SD D D%

Body fat

weight (kg)

\24 0 15.13 ± 1.97 14.17 ± 2.32

8 14.44 ± 2.21 –0.7 ± 1.19 –4.53 ± 8.79 12.84 ± 1.98* –1.33 ± 1.22 –8.98 ± 8.07

24–28 0 18.31 ± 4.59 18.05 ± 3.17

8 17.77 ± 4.67 –0.55 ± 1.10 –3.21 ± 6.49 16.46 ± 3.62* –1.59 ± 1.26# –9.25 ± 8.34#

C28 0 18.31 ± 3.85 24.06 ± 6.81

8 18.08 ± 3.75 –0.24 ± 1.93 –0.66 ± 10.37 22.56 ± 6.81* –1.50 ± 2.07 –6.99 ± 9.60

TFA (cm2) \24 0 308.14 ± 96.93 268.98 ± 45.82

8 315.34 ± 79.87 7.19 ± 25.02 5.05 ± 12.06 252.30 ± 41.41* –16.68 ± 24.14# –5.72 ± 8.44#

24–28 0 337.55 ± 99.93 349.19 ± 82.60

8 359.91 ± 91.54* 22.35 ± 35.10 7.99 ± 10.99 333.73 ± 81.58* –15.46 ± 25.22# –4.34 ± 7.50#

C28 0 341.15 ± 71.88 426.73 ± 133.60

8 354.52 ± 70.70 13.37 ± 40.97 5.38 ± 13.53 420.17 ± 152.51 –6.56 ± 73.99 –1.95 ± 18.61

VFA (cm2) \24 0 123.29 ± 45.57 118.83 ± 33.89

8 130.67 ± 36.05* 14.73 ± 16.72 20.82 ± 29.53 112.44 ± 25.76 –6.39 ± 15.12# –3.45 ± 12.00#

24–28 0 135.09 ± 28.29 151.59 ± 56.08

8 151.43 ± 30.79* 17.66 ± 27.88 15.92 ± 24.48 152.40 ± 51.37 0.81 ± 27.51 3.49 ± 22.04

C28 0 160.32 ± 46.99 194.43 ± 64.65

8 178.28 ± 38.39 17.95 ± 34.62 17.08 ± 28.95 210.73 ± 79.28 16.29 ± 52.83 9.99 ± 29.54

SFA (cm2) \24 0 181.53 ± 80.85 150.14 ± 33.02

8 173.96 ± 74.39 –7.57 ± 15.04 –2.94 ± 9.74 139.85 ± 37.07 –10.29 ± 23.39 –6.40 ± 15.90

24–28 0 202.43 ± 96.31 197.60 ± 61.83

8 208.49 ± 99.85 4.69 ± 19.06 2.27 ± 11.54 181.31 ± 67.22* –16.29 ± 19.25# –9.29 ± 9.77#

C28 0 180.81 ± 47.79 232.33 ± 98.58

8 176.23 ± 51.89 –4.58 ± 22.10 –2.37 ± 11.22 209.44 ± 91.42 –22.88 ± 46.76 –9.79 ± 18.25

D represents 8 week versus week 0, D% represents change rate against week 0

TFA total fat area, VFA visceral fat area, SFA subcutaneous fat area

* Different from week 0, P \ 0.05
# Different from LCT group, P \ 0.05
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Table 6 Changes in levels of triacylglycerols, lipoproteins, hepatic enzymes, blood glucose and total cholesterol in two groups consuming LCT

or MLCT oil with different BMI at baseline (week 0) and week 8

Index BMI
kg/m2

Time
(week)

LCT (n = 50) MLCT (n = 51)

Mean ± SD D D% Mean ± SD D D%

TAG (mmol/L) \24 0 2.77 ± 0.67 2.42 ± 0.70

8 3.13 ± 1.33 0.36 ± 1.09 12.52 ± 37.39 2.28 ± 1.26 –0.14 ± 0.87 –8.10 ± 31.63

24–28 0 2.58 ± 0.84 2.75 ± 0.97

8 3.23 ± 1.29* 0.65 ± 1.10 27.96 ± 48.08 2.18 ± 0.85* –0.57 ± 0.86# –17.00 ± 30.02#

C28 0 2.37 ± 0.67 2.90 ± 0.77

8 2.62 ± 0.88 0.25 ± 0.92 15.76 ± 45.77 2.13 ± 0.67* –0.77 ± 1.10 –20.65 ± 34.17

HDL–C (mmol/L) \24 0 1.42 ± 0.31 1.36 ± 0.22

8 1.38 ± 0.29 –0.05 ± 0.14 –2.72 ± 9.10 1.29 ± 0.23 –0.07 ± 0.20 –4.59 ± 15.20

24–28 0 1.39 ± 0.37 1.26 ± 0.23

8 1.35 ± 0.49 –0.03 ± 0.22 –2.91 ± 14.24 1.37 ± 0.28* 0.11 ± 0.23 10.47 ± 19.14#

C28 0 1.35 ± 0.24 1.27 ± 0.19

8 1.27 ± 0.25 –0.08 ± 0.17 –5.45 ± 11.77 1.30 ± 0.34 0.03 ± 0.23 1.97 ± 16.07

LDL–C (mmol/L) \24 0 2.78 ± 0.76 2.75 ± 0.59

8 3.39 ± 0.60* 0.55 ± 0.59 25.08 ± 33.32 2.86 ± 0.70 0.10 ± 0.44 4.76 ± 16.10

24–28 0 2.56 ± 0.76 2.88 ± 0.76

8 2.93 ± 0.68* 0.38 ± 0.58 19.91 ± 29.46 2.83 ± 0.65 –0.05 ± 0.64# 1.29 ± 22.35#

C28 0 2.77 ± 0.63 3.15 ± 0.50

8 2.95 ± 0.64 0.18 ± 0.45 8.14 ± 19.59 2.94 ± 0.77 –0.21 ± 0.68 –6.45 ± 20.87

ALT (U/L) \24 0 24.33 ± 13.05 19.97 ± 4.86

8 30.38 ± 18.85 6.06 ± 12.91 26.20 ± 53.37 21.48 ± 7.74 1.51 ± 5.27 7.22 ± 26.18

24–28 0 22.91 ± 8.22 28.02 ± 18.76

8 27.6 ± 13.44 4.69 ± 14.50 28.38 ± 60.86 28.68 ± 18.67 0.87 ± 8.67 11.33 ± 38.07

C28 0 29.29 ± 19.38 29.03 ± 16.84

8 31.49 ± 18.2 2.20 ± 16.80 18.83 ± 47.22 28.93 ± 13.17 –0.1 ± 20.09 30.05 ± 105.14

AST (U/L) \24 0 22.04 ± 5.71 21.48 ± 8.47

8 24.17 ± 9.54 2.13 ± 8.39 10.89 ± 38.92 19.57 ± 7.36 –1.92 ± 4.14 –7.17 ± 18.00

24–28 0 21.26 ± 5.77 25.01 ± 9.72

8 20.37 ± 4.06 –0.88 ± 6.95 1.69 ± 30.42 25.59 ± 18.30 0.58 ± 17.67 6.02 ± 60.60

C28 0 23.02 ± 7.17 25.02 ± 8.36

8 23.64 ± 6.32 0.62 ± 6.50 6.91 ± 27.39 25.29 ± 13.7 0.26 ± 16.29 11.19 ± 71.58

Glucose (mmol/L) \24 0 5.12 ± 0.86 5.01 ± 0.69

8 5.53 ± 1.11 0.41 ± 1.07 8.85 ± 18.16 5.18 ± 0.89 0.16 ± 0.43 3.10 ± 8.71

24–28 0 5.30 ± 1.10 5.48 ± 0.98

8 5.45 ± 1.46 0.15 ± 0.76 2.44 ± 15.02 5.65 ± 1.09 0.17 ± 0.55 3.36 ± 10.12

C28 0 4.95 ± 0.50 5.69 ± 1.25

8 5.19 ± 0.56 0.24 ± 0.64 5.58 ± 13.56 5.98 ± 1.32 0.30 ± 0.60 5.57 ± 10.30

TC (mmol/L) \24 0 5.36 ± 0.97 5.16 ± 0.80

8 6.03 ± 0.75* 0.67 ± 0.73 14.52 ± 18.20 5.16 ± 0.74 0.00 ± 0.40 0.53 ± 7.47

24–28 0 5.04 ± 0.95 5.11 ± 0.83

8 5.50 ± 0.84* 0.45 ± 0.62 10.44 ± 14.17 5.35 ± 0.89 0.24 ± 0.57 5.33 ± 11.75

C28 0 5.17 ± 0.70 5.30 ± 0.81

8 5.39 ± 0.69 0.22 ± 0.43 4.62 ± 8.23 5.58 ± 0.54 0.29 ± 0.66 6.86 ± 14.06

D represents week 8 versus week 0, D% represents change rate against week 0

ALT alanine aminotransferase, AST aspartate aminotransferase, HDL-C high-density lipoprotein-cholesterol, LDL-C low-density lipoprotein-
cholesterol, TAG triacylglycerols, TC total cholesterol

* Different from week 0, P \ 0.05
# Different from LCT group, P \ 0.05
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subjects with MLCT consumption relative to LCT in

another study [20]. Furthermore, in overweight people,

those with relatively a lower body weight had the greatest

increase in energy expenditure and fat oxidation [21].

Therefore, the intake of MLCT may be effective in

reducing body weight and body fat with body weight not

yet highly elevated.

Our results might be explained in part by a greater

increase in diet-induced thermogenesis after ingesting

MLCT than LCT [10, 22]. Ogawa et al. [10] conducted a

study of 20 volunteers given a liquid meal containing 14 g

of MLCT or LCT; intake of MLCT significantly increased

diet-induced thermogenesis. With regard to the mechanism

of thermogenesis, several studies have shown that MCT-

fed rats had a higher oxygen consumption than LCT-fed

rats after administration of norepinephrine or the sympa-

thetic activation of brown adipose tissue [23–25]. Hence,

intake of MLCT might not trigger greater diet-induced

thermogenesis in obese subjects than in lean and over-

weight subjects.

Obesity is associated with insulin resistance [12]. Insulin

resistance that is characterized by decreasing adipose tissue

lipolysis and resisting increases in fat oxidation and

increasing hepatic synthesis of triacylglycerols may

explain in part that our results showed less response in

obese subjects than in overweight subjects in body weight

control after intake of MLCT. In other words, intake of

MLCT did not induce greater lipolysis and fatty acid oxi-

dation in obese subjects than in overweight subjects.

We also found that consumption of MLCT resulted in a

reduced level of fasting blood TAG in hypertriacylglyce-

rolemic and overweight subjects. The mechanism remains

unclear. MCT promoting energy expenditure and fat oxi-

dation in both liver and adipose tissue may have contributed

to our results [26–29]. In addition to the effect of MCT

consumption on fasting blood TAG reduction, MCT intake

also induces lower postprandial TAG levels than with

consumption of LCT or a soybean oil liquid diet [30, 31].

MLCT consumption did not affect blood cholesterol

concentration as compared with LCT consumption; how-

ever, MLCT consumption decreased LDL-C concentration

and increased HDL-C level. These results suggest that

MLCT may have a protective role in the cardiovascular

system. Why MLCT consumption does not affect serum

cholesterol levels needs to be determined. One possible

explanation is that the activity of 3-hydroxy-3-methylglu-

taryl-CoA, a key enzyme in cholesterol synthesis, is

reduced after MLCT administration [32]. In addition, LDL

receptor activity in mononuclear cells is higher with MLCT

than trilaurin consumption [33].

In contrast to our results, Cater et al. [34] found that

natural food supplemented with MLCT increased plasma

TC, LDL and TAG levels as compared with a diet

supplemented with long-chain fatty acids. The fat

accounted for 53% of intake, the mean BMI was

27 ± 5 kg/m2, and the total amount of fat intake and

subject selection, as well as food composition, which may

explain their conclusions. In the Temme et al. [35] study,

exchanging of oleic acid with MCFA increased serum TC

and LDL-C concentrations; however, the response did not

differ significantly from the responses to oleic acid and

myristic acid, so their conclusions need to be confirmed.

Conclusion

Intake of MLCT might help reduce body fat and levels of

fasting blood TAG and LDL-C in hypertriacylglycerolemic

and overweight Chinese subjects under an appropriate

dietary regimen. MLCT might be useful for control of

abnormal TAG metabolism and body fat accumulation in

overweight subjects. However, a longer term and larger

sample size clinical trial is needed to confirm the sub-

stantial effects of MLCT in overweight and hypertriacyl-

glycerolemic individuals.
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Abstract Genetic variations in the APOA1/C3/A4/A5 gene

cluster have been studied and proposed to be the leading key

for susceptibility to cardiovascular diseases and age-asso-

ciated disorders. We aimed to investigate the associations of

rs12721026 (APOA1) and rs1729408 (APOA5) polymor-

phisms and their haplotypes with some age-related diseases,

as well as with lipids and proteins serum levels in a cohort

from a Brazilian Elderly Longitudinal Study (EPIDOSO).

Genotyping was performed by polymerase chain reaction

restriction fragment length polymorphism (PCR-RFLP).

Statistical analyses were carried out using logistic regression

analysis, Student’s t-test, and linkage disequilibrium (LD)

analysis. Polymorphic allele frequencies were 0.095 and

0.449 for rs12721026 and rs1729408, respectively. The

C-allele of rs1729408 was associated with higher high-

density lipoprotein (HDL) (P = 0.022) and glycated

hemoglobin levels (P = 0.020). We also showed that

rs12721026 and rs1729408 were in LD. The GC haplotype,

which is composed of the G-allele of rs12721026 and the

C-allele of rs1729408, was significantly associated with

obesity (P = 0.028), with higher glycated hemoglobin

(P = 0.006), and fasting glucose (P = 0.0003) compared to

the TT haplotype, which includes the wild-type alleles of

both polymorphisms. Moreover, we found an associa-

tion between the TC haplotype and higher HDL levels

(P = 0.0039). This is the first time that haplotypes involving

these polymorphisms were evaluated. Our results showed

that these polymorphisms were involved in the development

of obesity and in alterations of lipids and proteins serum

levels in a Brazilian population. The present findings might

also clarify the role of these polymorphisms and their

haplotypes in lipids and proteins metabolism.

Keywords Obesity � Glycated hemoglobin �
Polymorphisms � APOA1 � APOA5 � HDL � Haplotype

Abbreviations

BMI Body mass index

CVD Cardiovascular disease

HbAc1 Glycated hemoglobin

LD Linkage disequilibrium

MMSE Mini-Mental State Examination

SD Standard deviation

SNP Single nucleotide polymorphism

TG Triglyceride

OR Odds ratio

CI Confidence interval

Introduction

Increased low-density lipoprotein (LDL) and triglyceride

(TG) [1] and decreased high-density lipoprotein (HDL)

plasma levels have been shown to be independent risk

factors for cardiovascular diseases (CVDs) [2] and
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important determinants of atherosclerosis susceptibility [3].

In Brazil, the main cause of adult death is CVD (32%),

followed by neoplasia [4]. Genetic and environmental

factors play a key role in lipoproteins and lipids serum

levels [5]. In fact, several genetic variants have been

evaluated and associated with lipid profiles [6]. In 2009,

three genome-wide association studies described 20 new

loci associated with lipid serum levels [1, 7, 8], including

the apolipoprotein gene cluster APOA1/C3/A4/A5, on

11q23, which has been associated with CVD and altera-

tions on HDL, LDL, and TG serum levels [9].

APOA1 comprises roughly 70% of the HDL protein

mass and acts in the transport of cholesterol from the

peripheral tissues to the liver [10]. Indeed, several studies

have shown a relationship between APOA1 and protection

against atherosclerosis [11]. The rs12721026 polymor-

phism (also known as PstI), located in the 30 flanking

region of APOA1, has been associated with the develop-

ment of CVD [12, 13] and decreased HDL levels [13].

APOA5 has been involved in TG metabolism [14] and

presents lower serum concentration in comparison to other

apolipoproteins. APOA5 knockout mice showed four-fold

increased TG compared to wild-type alleles [15]. In the

promoter region of APOA5, there is a well described

polymorphism (rs662799) which has been widely associ-

ated with TG levels. Our previous report showed no

association of rs662799 with age-related morbidities in the

same elderly cohort studied in the present study [16].

rs1729408 (also known as SNP4—single nucleotide poly-

morphism 4), an APOA4/A5 intergenic polymorphism, has

been associated with systolic blood pressure and measures

of obesity in European populations [17] and with higher

HDL in the Chinese population [18]. However, rs1729408

was not associated with CVD and lipid plasma levels in the

French population [19].

In the current study, we aimed to investigate the asso-

ciation of the rs12721026 and rs1729408 polymorphisms

and their haplotypes with morbidities affecting a cohort

from a Brazilian Elderly Longitudinal Study (EPIDOSO),

as well as with TG, total cholesterol, HDL, very-low-

density lipoprotein (VLDL), LDL, creatinine, urea, albu-

min, glycated hemoglobin (HbAc1), and fasting glucose

serum levels.

Experimental Procedure

Studied Population

The studied population was a subsample of 341 subjects

(238 females and 103 males) who participated in wave 4

(2000–2001) of the Elderly Longitudinal Study (EPIDOSO)

[20]. This population was composed of individuals of

European (89.2%), Japanese (3.3%), Middle Eastern

(1.8%), mixed, and/or other (5.7%) origins. The mean age

of this population was 79.75 ± 5.38 years (range 66–97).

All participants were informed about the study protocol and

provided information about previous medical conditions.

The Institutional Research Ethics Committee approved this

study and all subjects or their legal representatives signed

an informed consent according to the Declaration of

Helsinki.

Clinical inquiries were performed to obtain information

about previous diseases, current medication use, lifestyle,

anthropometric, and blood pressure measurements. Physi-

cians performed the physical examination and blood

samples were collected for laboratory procedures. Table 1

summarizes all of the characteristics of our sample. CVD

was considered to be positive when individuals self-

reported previous CVD and were taking specific medica-

tion prescribed by physicians. Subjects either currently

using anti-hypertensive drugs or those with systolic blood

pressure above 140 or diastolic blood pressure above

95 mmHg were considered to be positive for hypertension

[21]. Those currently taking insulin or oral medication and

those with fasting glucose equal to or above 126 mg/dl

were considered to be positive for type II diabetes [22].

Subjects with body mass index (BMI) above 27 kg/m2

were considered to be positive for obesity [23]. Cognitive

function was evaluated using the Mini-Mental State

Examination (MMSE) screening instrument, validated for

Table 1 Characterization of the sample

Variables N Number of affected

individuals (%)

Mean ± SD

Cardiovascular disease 341 72 (21.1%)

Type II diabetes 340 216 (63.5%)

Hypertension 339 289 (85.3%)

Obesity 278 112 (40.3%)

Depression 318 62 (19.5%)

Dementia 335 28 (8.4%)

Total cholesterol (mg/dl) 223 216.63 ± 41.39

Triglyceride (mg/dl) 223 145.63 ± 65.76

VLDL (mg/dl) 219 28.22 ± 11.04

HDL (mg/dl) 222 54.99 ± 13.94

LDL (mg/dl) 217 132.30 ± 35.36

Urea (mg/dl) 215 40.19 ± 12.64

Creatinine (mg/dl) 214 0.95 ± 0.24

Albumin (g/dl) 214 4.04 ± 0.32

Glycated hemoglobin

(%)

304 5.77 ± 1.51

Fasting glucose (mg/dl) 312 98.56 ± 32.78

N number of consulted individuals; SD standard deviation
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the Brazilian population. A cut-off score for low cognition

level (roughly classified as dementia) was 24 (out of 30)

and presents 80–90% sensitivity and 80% specificity [24,

25]. Depression was characterized by a score of above 5

using a validated Brazilian version of the Older Americans

Resources and Services (OARS) questionnaire [26].

Although some studies have shown that self-reported past

history and medical records are usually concordant for

selected medical conditions in the elderly [27], past his-

tories were only accepted when there was also evidence in

physical examinations, electrocardiograms, computed

tomography scans, or physician reports.

Laboratory Examinations

Laboratory examinations were performed as routine

examinations using commercial kits. Lipids and lipid

fraction measurements were performed using routine

enzymatic tests. Urea, creatinine, and albumin serum levels

and fasting glucose were investigated routinely by colori-

metric, kinetic, and ultraviolet tests. HbAc1 was measured

by high-performance liquid chromatography. The coeffi-

cients of variation for these measurements ranged from 2 to

3.5%.

DNA Extraction

Genomic DNA from whole blood was isolated using

the QIAamp� DNA Blood Midi Kit (Qiagen, Hilden,

Germany), according to the manufacturer’s instructions.

Polymorphism Detection

For both polymorphisms, polymerase chain reaction (PCR)

was carried out in 25 ll containing 100 ng genomic DNA,

0.1 mmol/l dNTPs (LGC, São Paulo, Brazil), 2.0 mmol/l

MgCl2, 1 U Taq DNA polymerase (LGC, São Paulo,

Brazil), and 0.4 lmol/l of each primer (Biosynthesis Inc.,

Lewisville, TX) in 10% buffer. The primers used for

genotyping were as previously described [28, 29]. For

rs1729408, the mixture was denaturated for 5 min at 94�C,

passed through 35 cycles of denaturing at 94�C for 30 s,

annealing at 60�C for 30 s, and extension at 72�C for 30 s,

with a final extension at 72�C for 7 min. Six microliters of

PCR product (162 bp) were digested with 2 U of HaeIII

(NEB, Ipswich, MA) at 37�C for 16 h. For amplification of

the 740 bp-fragment of rs12721026, the mixture underwent

5 min denaturation at 94�C, 35 cycles of 94�C for 40 s,

66�C for 40 s, and 72�C for 60 s, with a final extension at

72�C for 10 min. Four units of PstI (NEB, Ipswich, MA)

were added to 10 ll of PCR product and then incubated for

3 h at 37�C.

Statistical Analyses

Allele frequencies were calculated by allele counting as

described by Emery [30]. The Hardy–Weinberg equilib-

rium was evaluated using the v2 test. To assess the asso-

ciation between allele and morbidity, we used logistic

regression analysis, which considered morbidity as a

dependent variable and allele, age, and sex as covariates in

the model. Odds ratios (ORs) with 95% confidence inter-

vals (CIs) were also calculated. The mean serum levels

concerning lipids, lipid fractions, urea, albumin, creatinine,

HbAc1, and fasting glucose were compared between the

two allele groups by Student’s t-test. The v2 test, logistic

regression analyses, and Student’s t-test were performed

using SPSS� 16.0. Linkage disequilibrium (LD) and hap-

lotype association analysis with morbidities were per-

formed by a linkage disequilibrium analyzer (LDA) [31]

and Haploview software [32]. The expectation–maximi-

zation algorithm was used to estimate haplotype frequen-

cies and to verify the association between haplotypes and

morbidities. The v2 test was used to compare the haplo-

types frequencies of cases and controls concerning the

morbidities studied. Haplotype association with serum

levels was performed using a F-test computed from a linear

model fitted to the estimated haplotypes by the SNPStats

web tool [33]. Statistical significance was accepted at

P \ 0.05.

Results

Polymorphic allele frequencies were 0.095 and 0.449 for the

rs12721026 and rs1729408 polymorphisms, respectively.

These polymorphisms followed the Hardy–Weinberg

equilibrium in the whole population (v2 = 2.5464;

df = 1; P = 0.1105 and v2 = 1.7059; df = 1; P = 0.1915,

respectively).

Our results showed that the C-allele of rs1729408 was

associated with higher HDL (P = 0.022) and HbAc1 levels

(P = 0.020; Table 2). Nevertheless, the rs12721026 poly-

morphism was neither associated with lipids and proteins

serum levels nor with the detected morbidities. We found

that the rs12721026 and rs1729408 polymorphisms were in

LD (D0 = 0.5438; r2 = 0.0366; P = 0.0016). When hap-

lotypes were analyzed, the GC haplotype, which is com-

posed of the minor alleles of rs12721026 and rs1729408

respectively, was associated with obesity (Table 3;

P = 0.028), higher levels of HbAc1 (P = 0.006), and

fasting glucose (P = 0.0003) compared to the TT haplo-

type, which includes the wild-type alleles of both poly-

morphisms (Table 4). In addition, we also found an

association of the TC haplotype, composed of the T-allele
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of rs12721026 and the C-allele of rs1729408, with higher

HDL levels (P = 0.0039; Table 4).

Discussion

Our results showed that the rs1729408 C-allele frequency

was 0.449 in our Brazilian elderly cohort, similar to other

European populations (30–41%) [14, 17], such as French

(0.39) [19] and British (0.34) [29]. Regarding the

rs12721026 polymorphism, the G-allele frequency was

0.095 in our sample, similar to those observed in Australian

(0.09) [34] and Mediterranean populations (0.11) [35].

We found a significant association between the

rs1729408 C-allele and higher HDL levels (P = 0.022).

Likewise, the CC genotype presented higher HDL plasma

levels in Chinese patients with CVD [18], whereas no

association was found with CVD in our sample, confirming

previous data in the French population [19].

In addition, our results revealed an association of the

rs1729408 C-allele with higher HbAc1 levels (P = 0.020).

It has recently been shown that D-glucose regulates APOA5

expression by dephosphorylation [36], suggesting an

involvement of APOA5 in glucose metabolism [17].

Another previous study including four regions of Europe

also showed that this variant influenced insulin and glucose

levels after an oral glucose tolerance test (OGTT) [17].

Furthermore, it has been reported that there are higher

HbAc1 levels in hypertensive patients in relation to con-

trols [37], as well as a correlation of the CC genotype with

higher blood pressure [17]. In an European population, CC

genotype carriers presented significant association with

higher systolic blood pressure and higher waist-to-hip ratio,

which is a measure of obesity [17], suggesting that HbAc1

levels may participate in hypertension development. Taken

together, these data suggest that the APOA4 and APOA5

intergenic region might present binding sites for nuclear

factors, which can be inhibited or altered in the presence of

the rs1729408 C-allele, leading to alterations in lipid and

glucose metabolisms.

Although we did not observe any association between

rs12721026 and the studied morbidities, a tendency of

association between the G-allele and obesity was shown in

our sample (P = 0.069) (data not shown). In fact,

rs12721026 has not been associated with CVD in Cauca-

sians [34, 38], confirming our results. We have previously

described an association of another polymorphism in the

first intron of APOA1, rs5069, with obesity (P = 0.04) in

the same cohort [39]. In addition, APOA1 was correlated to

adipokines in Asian Indian and Caucasian populations [40].

Table 2 Student’s t-test results concerning lipids and proteins serum levels and polymorphisms in the Brazilian elderly cohort

Variables N rs12721026 polymorphism P-value N rs1729408 polymorphism P-value

T-allele G-allele T-allele C-allele

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Age 592 79.78 ± 5.50 79.21 ± 4.68 0.461 652 79.91 ± 5.38 79.71 ± 5.46 0.641

Total cholesterol 406 217.62 ± 42.64 217.09 ± 35.84 0.893 430 215.06 ± 40.11 217.23 ± 41.65 0.582

Triglycerides 406 146.06 ± 66.73 137.65 ± 53.31 0.306 430 142.14 ± 60.76 146.19 ± 69.07 0.517

VLDL 398 28.11 ± 10.72 27.47 ± 10.75 0.511 422 27.88 ± 10.87 27.83 ± 10.44 0.963

HDL 406 55.28 ± 14.28 56.30 ± 12.84 0.852 428 53.76 ± 13.10 56.84 ± 14.52 0.022*

LDL 396 33.21 ± 36.45 130.20 ± 28.65 0.903 418 132.87 ± 35.05 130.68 ± 34.26 0.519

Urea 396 40.21 ± 12.22 43.50 ± 17.46 0.076 414 40.01 ± 12.50 39.97 ± 12.58 0.975

Creatinine 394 0.95 ± 0.24 0.91 ± 0.23 0.243 412 0.97 ± 0.25 0.93 ± 0.23 0.099

Albumin 394 4.04 ± 0.32 4.07 ± 0.29 0.663 412 4.03 ± 0.31 4.05 ± 0.32 0.581

Glycated hemoglobin 536 5.77 ± 1.47 6.04 ± 1.51 0.398 580 5.62 ± 1.20 5.95 ± 1.69 0.020*

Fasting glucose 548 96.77 ± 26.23 98.66 ± 24.11 0.528 596 97.14 ± 25.78 98.99 ± 38.52 0.484

SD standard deviation; N number of alleles with measured lipid serum levels

* P \ 0.05

Table 3 v2 test results comparing the frequency of cases and controls

of the rs12721026/rs1729408 haplotypes and obesity

Morbidity Haplotype Frequency v2 P-value

Total Case Control

Obesity TT 0.526 0.494 0.527 0.585 0.4445

TC 0.38 0.388 0.399 0.064 0.8008

GC 0.07 0.098 0.050 4.831 0.0279*

GT 0.024 0.020 0.024 0.123 0.7261

* P \ 0.05
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Therefore, APOA1 might be implicated in the development

of obesity.

We did not detect any association between the

rs12721026 polymorphism and lipids parameters levels,

confirming other studies in European [41], Korean [42],

and Swedish [43] populations. Conversely, TG genotype

carriers presented higher TG levels than TT in the Euro-

pean population [44] and the G-allele has been associated

with lower APOA1 and HDL levels in several populations

[13, 35, 45, 46]. These controversial results indicate that

there might be another polymorphism in this cluster

influencing the association results which deserves further

investigation.

rs1729408 and rs12721026 polymorphisms were in LD

(P = 0.0016) and their haplotypes were investigated. The

GC haplotype was associated with obesity and presented a

higher frequency in cases (0.098) than in controls (0.050),

suggesting that the GC haplotype might be a risk factor for

obesity. In the current study, we did find a tendency of

association between the G-allele of the rs12721026 poly-

morphism and obesity; however, only in the presence of the

rs1729408 C-allele did this association become significant.

These findings suggest a synergistic effect of these poly-

morphisms on influencing obesity. Although rs12721026

and rs1729408 are located in a non-coding region, they

might have a functional role in the metabolism. Other

variants within APOA5 have been described and associated

with changes in BMI, supporting our findings [47].

We also observed higher HbAc1 and fasting glucose

levels in GC compared to TT haplotype carriers. In the

Indian population, rs12721026 was associated with

increased risk for type II diabetes [48]. Our results showed

an association of the rs1729408 C-allele and higher HbAc1

levels. Nevertheless, the association of the GC haplotype

became stronger (P = 0.006), suggesting that the interac-

tion between rs1729408 and rs12721026 polymorphisms

might be involved in the development of hypertension.

Furthermore, our data showed that the TC haplotype was

associated with higher HDL levels (P = 0.0039). APOA1

and APOA5 gene expression are modulated by peroxisome

proliferator-activated receptor a (PPARa). Our group has

previously reported an association of the C-allele of

rs4253778 (PPARa) and higher HDL compared to the

G-allele [49], suggesting that APOA1 and APOA5 are

involved in the regulation of HDL levels, probably via

PPARa.

In conclusion, rs1729408 was associated with higher HDL

and HbAc1 levels. Moreover, the GC haplotype was associ-

ated with obesity and higher HbAc1 and fasting glucose levels

and TC haplotype was associated with higher HDL levels. To

our knowledge, this is the first time that haplotypes involving

these polymorphisms have been evaluated. The present find-

ings might clarify the influence of these polymorphisms in

lipids and proteins metabolisms and their association with

age-related diseases. Therefore, genetic variations in the

APOA1/C3/A4/A5 gene cluster may characterize important

risk factors for metabolic homeostasis.
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Abstract The freshwater microalga Parietochloris incisa

accumulates, under nitrogen starvation, large amounts of

triacylglycerols containing approximately 60% of the x6

very long-chain polyunsaturated fatty acid (VLC-PUFA),

arachidonic acid. Based on sequence homology, we iso-

lated three cDNA sequences from P. incisa, designated

PiDesD12, PiDesD6, PiDesD5. The deduced amino acid

sequences of the three genes contained three conserved

histidine motifs; the front-end desaturases, PiDes6 and

PiDes5, contained a fused N-terminal cytochrome b5

domain. By functional characterization in the yeast Sac-

charomyces cerevisiae, we confirmed that PiDesD6,

PiDesD5 cDNA encode membrane bound desaturases with

D6, and D5 activity, respectively. Both PiDes6 and PiDes5

can indiscriminately desaturate both x6 and x3 substrates.

A phylogenetic analysis showed that the three genes were

homologous to the corresponding desaturases from green

microalgae and lower plants that were functionally char-

acterized. Quantitative real-time PCR revealed the con-

certed expression pattern of all three genes in P. incisa

cells subjected to nitrogen starvation, featuring maximum

expression level on day 3 of starvation, corresponding to

the sharpest increase in the share of arachidonic acid.

Keywords Arachidonic acid � D12-desaturase �
D5-desaturase � D6-desaturase � Microalgae �
Expression pattern � Nitrogen starvation �
Parietochloris incisa

Abbreviations

ARA Arachidonic acid

DGTS Diacylglyceroltrimethylhomoserine

DHA Docosahexaenoic acid

DGLA Dihomo-c-linolenic acid

EPA Eicosapentaenoic acid

GLA c-Linolenic acid

LNA Linoleic acid

PtdCho Phosphatidylcholine

PtdEtn Phosphatidylethanolamine

RTQPCR Real time quantitative polymerase chain

reaction

TFA Total fatty acids

VLC-PUFA Very long-chain polyunsaturated fatty acids

Introduction

Very long-chain polyunsaturated fatty acids (VLC-PUFA) of

20 or 22 carbon atoms are indispensable components of

human nutrition. They are necessary for normal life-long

physiology and contribute to the well-being of the human

body. Nutritionally important VLC-PUFA include the

x3-fatty acids, eicosapentaenoic acid (EPA, 20:5D5,8,11,14,17)

GenBank accession numbers for PiDes12, PiDes6 and PiDes5 and a

partial sequence of actin gene of P. incisa are GU390531, GU390532,

GU390533 and FJ548973.
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and docosahexaenoic acid (DHA, 22:6D4,7,10,13,16,19) and the

x6-fatty acid, arachidonic acid (ARA, 20:4D5,8,11,14) which

are the major components of membrane phospholipids of the

retina, brain and testis. ARA, together with DHA, are the

predominant fatty acids in the human brain and breast milk.

ARA is necessary for normal fetal growth, and cognitive

development in infants [1]. Many studies highly recom-

mended supplementation of infant formula with DHA and

ARA [2]. Besides the structural function in membranes, ARA

is the primary substrate in eicosanoids biosynthesis which

regulates many physiological processes such as homeostasis,

reproduction, immune and inflammatory responses.

The green freshwater microalga Parietochloris incisa

(Trebouxiophyceae) is known to accumulate extraordi-

narily large amounts of ARA-rich triacylglycerols (TAG)

[3, 4]. When P. incisa is cultivated under nitrogen starva-

tion, ARA constitutes about 60% of total fatty acids (TFA)

and over 95% of cellular ARA is deposited in TAG in

cytoplasmic lipid bodies [5].

The biosynthesis of VLC-PUFA in microalgae follows

two major pathways, designated as x6 and x3. In these

pathways, linoleic acid (LNA; 18:2D9,12) and a-linolenic

acid (ALA; (18:3D9,12,15) go through sequential D6 desat-

uration, D6 elongation and D5 desaturation, yielding ARA

and EPA, respectively [6–9]. For example, in the red mi-

croalga Porphyridium cruentum and the green microalga

P. incisa, oleic acid (18:1D9) is first desaturated to 18:2D9,12

and c-linolenic acid (GLA, 18:3D6,9,12) through D12 and D6

desaturations, followed by elongation to dihomo-c-linole-

nic acid (DGLA, 20:3D8,11,14) and D5 desaturation to yield

ARA via the x6 pathway [9, 10]. In P. incisa, the extra-

plastidial lipids, phosphatidylcholine (PtdCho) and the

betaine lipid, diacylglyceroltrimethylhomoserine (DGTS),

are involved in the D12 and, subsequently, the D6 desat-

urations, whereas phosphatidylethanolamine (PtdEtn)

along with PtdCho are the suggested major substrates for

the D5 desaturation of 20:3D8,11,14 to 20:4D5,8,11,14 [10].

The same enzymes are involved in the biosynthesis of

VLC-PUFA through the x3 pathway in the green micro-

alga Ostreococcus tauri [11]. VLC-PUFAs may also be

generated by an alternative D8 desaturation pathway. For

example, in the marine haptophyte Isochrysis galbana and

in the fresh water euglenophyte Euglena gracilis, where

LNA and ALA are first elongated by C18 D9-specific fatty

acid elongase followed by sequential D8 and D5 desatu-

rations to ARA or EPA [8, 12, 13]. The extraplastidial D12

desaturase is an integral ER-bound protein which is

responsible for the desaturation of 18:1D9 and production of

18:2D9,12, mainly on PtdCho [14–16]. D5 and D6 desatu-

rases contain a fused cytochrome b5 domain in their

N-terminus, serving as an electron donor, and introduce a

double bond at a site closer to the carboxyl group than any

of the pre-existing double bonds in the substrate fatty acid,

thereby called ‘front-end’ desaturases [17–20]. Desaturases

with D6 or D5 activity have been isolated from various

organisms [21–26]. In algae, particularly, genes coding for

desaturases were cloned from two diatoms Phaeodactylum

tricornutum [27] and Thalassiosira pseudonana [28], and

few species of marine picoeukaryotes, belonging to the

class Prasinophyceae of Chlorophyta, such as Ostreococcus

tauri [29], Mantoniella squamata [30], and Micromonas

pusilla [31]. Some of these desaturases have been intro-

duced together with PUFA-specific elongases into con-

structs for transformation of yeast and oil seed plants to

reconstitute VLC-PUFA biosynthesis in the heterologous

organisms [13, 29, 31–35].

Coexpression of the D5 and D6 desaturases from the

diatom P. tricornutum in yeast in the presence of either x3

or x6 C18 substrates yielded ARA and EPA, demonstrat-

ing that they can function in both the x3 and x6 pathways

with similar efficiency [27]. In Arabidopsis thaliana, VLC-

PUFA biosynthesis was achieved through reconstitution of

an alternative pathway by introducing genes encoding D9

elongase from I. galbana, D8 desaturase from E. gracilis

and D5 desaturase from Mortierella alpina [13]. Recently,

it was shown that some algal front end desaturases can act

also on fatty acids esterified to CoA [29–31] similarly to

mammalian front-end desaturases. These desaturases

attracted much attention since such acyl-CoA-dependent

enzymes, originating from photosynthetic organisms and

having the correct substrate specificities may eliminate the

need for the rate-limiting exchange of substrates between

lipid and acyl-CoA in oil seed plants genetically modified

to produce VLC-PUFA [29–34].

In the present work, we report the identification of three

cDNA putatively encoding for D12, D6, and D5 desatu-

rases, respectively, in P. incisa. Functional activities with

fatty acid preferences were conferred for D6 and D5

desaturases by heterologous expression in the yeast Sac-

charomyces cerevisiae. Transcripts for all three desaturases

are concertedly up-regulated during nitrogen starvation,

that triggers ARA accumulation, and the level of expres-

sion is correlated with the increase in the share of ARA.

Materials and Methods

Strains and Growth Conditions

Axenic cultures of P. incisa were cultivated on BG-11

nutrient medium [36] in 250-ml Erlenmeyer glass flasks in

an incubator shaker at controlled temperature (25�C) and

illumination (115 lmol quanta m-2 s-1) under an air/CO2

atmosphere (99:1, v/v) and a speed of 170 rpm [3]. For

N-starvation experiments, cells of daily-diluted cultures

were collected by centrifugation, washed three times in
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sterile double distilled water and resuspended in N-free

BG11 medium. To prepare an N-free BG-11 medium,

sodium nitrate was omitted and ferric ammonium citrate

was substituted with ferric citrate. Biomass was sampled at

time 0, and in 1.5, 3, 7 and 14 days from the onset of

N-starvation for determination of growth parameters, and

was further used for fatty acid analysis and RNA isolation.

Duplicate samples were collected from three separate

flasks for each time point and measurement. Growth

parameters, dry weight and chlorophyll contents were

determined as previously described [37].

RNA Isolation

Aliquots of the cultures were filtered through a glass fiber

filter (GF-52, Schleicher & Schuell, Germany); cells were

collected by scraping and immediately flash-frozen in liquid

nitrogen and stored at -80�C for further use. Total RNA was

isolated by the procedure described by Bekesiova et al. [38].

Three independent RNA isolations were conducted for each

time point. The total RNA samples were treated with RNase-

free Baseline-ZEROTM DNase (Epicentre Technologies,

Madison, WI, USA) before being used in cDNA synthesis

for real-time PCR experiments.

Gene Cloning

Partial sequences of the D12, D6, D5 desaturase and actin

genes were obtained by PCR (ReddyMix PCR Master Mix,

Thermo Scientific, Surrey, UK) using the degenerated

primers listed in the Table 1. To generate the full-length

cDNA, 30-and 50-rapid amplification of the cDNA ends

(RACE) was performed using a BD SmartTM RACE cDNA

Amplification Kit (BD Biosciences Clontech, Foster City,

CA, USA). Gene specific primers were designed (Table 1)

and RACE PCR reactions were conducted using 50 and

30-RACE-Ready cDNA made from 1 lg total RNA of

N-starved cells with 509 BD Advantage 2 polymerase mix

Table 1 Primers used for obtaining partial, 50 and 30 end fragments of actin, D12, D6 and D5 desaturase genes of P. incisa followed by full-

length assembly

Gene Forward/reverse primer (sequence 50–30) Source of primers

Primers used for partial sequence

Des D12 CAC MYC VTS THC VWG CTG CTG VWB CCC CAC This work

CTG CCC GAA GTT GAC CGC GGC GTG CTG This work

Des D6 TGG TGG AAR CAY AAR CAY AAY [26]

GCG AGG GAT CCA AGG RAA NAR RTG RTG YTC This work

Des D5 ATH RAI GRI AAR GTI TAY GAY GT [26]

GGI AYI KWI TSD ATR TCI GGR TC [26]

Actin AGA TCT GGC ACC ACA CCT TCT TCA This work

TGT TGT TGT AGA GGT CCT TGC GGA This work

Primers used for 50 and 30 RACE amplification

Des D12 CCACATAGCGGCACAGGCTGAAATC This work

GCTCTGGGAGGATTTCAGCCTGTGC

Des D6 GACACAATCTGGGCCGTCACAAAGTC This work

GGACTTTGTGACGGCCCAGATTGTGTC

Des D5 ACTGACCCTCCTCTGTGTCCTCTTCG This work

TGTACGCCAAGTCGCTGACCATCC

Gene Forward/reverse primer (sequence 50–30) Restriction sitesa

Primers used for full-length cloning and yeast transformations

Des D12 TGGAATTCAAAATGGGGAAAGGAGGCTG EcoRI

CTGTCTAGATCAAGCGCGGAACCACAGG XbaI

Des D6 TCGAATTCAAAATGTGCCAGGGACAGG EcoRI

GGCTCTAGACTAGGCCTCAGCTGCCACG XbaI

Des D5 CCAAAGCTTAAAATGATGGCTGTAACAGA HindIII

GCTCTAGACTATCCCACGGTGGCCA XbaI

N, R, Y, H, K, W, S, D and I designate mixtures of nucleotides, A/G/T/C, A/G, T/C, A/T/C, G/T, A/T, G/C, A/G/T and inosine, respectively
a Underlined
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(Clontech Laboratories Inc., Mountain View, CA, USA).

The PCR products of the expected sizes were excised,

purified from the gel (NucleoSpin Extract II purification

kit, Machery-Nagel, Duren, Germany) and ligated into a

pGEM T-Easy vector (Promega, Madison, WI, USA). The

full-length cDNA were assembled based on the sequences

of the 50 and 30 RACE fragments.

Expression and Functional Characterization

in the Yeast Saccharomyces cerevisiae

The ORFs encoding for the D12, D6, and D5 desaturases

were amplified using PfuUltra II fusion HS DNA poly-

merase (Stratagene, La Jolla, CA, USA) with the respective

primer pairs (Table 1). The forward primers contained a

restriction site (underlined) and a yeast translation con-

sensus (boldfaced) followed by ATG. The reverse primers

contained a restriction site (underlined) and a stop codon

(boldfaced). Following restriction and ligation to the

pYES2 vector (Invitrogen, Carlsbad, CA, USA), the con-

structs were used to transform S. cerevisiae strain W303 by

the PEG/lithium acetate method [39]. The yeast cells har-

boring the empty pYES2 vector were used as control.

Transformants were selected by uracil prototrophy on yeast

synthetic medium (YSM) lacking uracil (Invitrogen,

Carlsbad, CA, USA). For functional expression, a minimal

selection medium containing 2% (w/v) raffinose was

inoculated with the pYPiDesD12, pYPiDesD6 or pYPi-

DesD5 transformants and grown at 27�C for 24 h in a water

bath shaker. Five ml of sterile YSM, containing 1% (w/v)

Tergitol-40 and 250 lM of the appropriate fatty acid sub-

strate, were inoculated with raffinose-grown cultures to

obtain an OD of 0.2 at 600 nm. Expression was induced by

adding galactose to a final concentration of 2% (w/v) and

cultures were further grown at 27�C for 48 h. Cells were

harvested by centrifugation, washed twice with 0.1%

NaHCO3, freeze-dried and used for fatty acid analysis.

Fatty Acid Analysis

Fatty acid methyl esters (FAME) were obtained by trans-

methylation of the freeze-dried P. incisa or yeast biomass,

with dry methanol containing 2% H2SO4 (v/v) and heating

at 80�C for 1.5 h while stirring under an argon atmosphere.

Gas chromatographic analysis of FAME was performed on

a Thermo Ultra Gas chromatograph (Thermo Scientific,

Italy) equipped with PTV injector, FID detector and a fused

silica capillary column (30 m 9 0.32 mm; ZB WAXplus,

Phenomenex). FAME were identified by co-chromatogra-

phy with authentic standards (Sigma Chemical Co., St.

Louis, MO, USA; Larodan Fine Chemicals, Malmö, Swe-

den) and FAME of fish oil (Larodan Fine Chemicals). Each

sample was analyzed in duplicates of three independent

experiments. The structures of fatty acids were confirmed

by GC-MS of their pyrrolidine derivatives [40] on HP 5890

equipped with a mass selective detector (HP 5971A) uti-

lizing a HP-5 capillary column and a linear temperature

gradient from 120 to 300�C.

Lipid Analysis

The biomass of S. cerevisiae was heated with isopropanol

at 80�C for 10 min and lipids were extracted by the method

of Bligh and Dyer [41]. Total lipid extract was separated

into neutral and polar lipids by silica Bond-Elute cartridges

(Varian, CA, USA) using 1% of ethanol in chloroform

(v/v) and methanol to elute neutral and polar lipids,

respectively [42].

Polar lipids were separated into individual lipids by two

dimensional TLC on Silica Gel 60 glass plates (10 9 10 cm,

0.25 mm thickness (Merck, Darmstadt, Germany) accord-

ing to Khozin et al. [9]. Neutral lipids were resolved with

petroleum ether:diethyl ether:acetic acid (70:30:1, v/v/v).

Lipids on TLC plates were visualized by brief exposure to

iodine vapors, scraped from the plates and were transme-

thylated for the fatty acid analysis as previously described.

Real-Time Quantitative PCR

Template cDNA for real-time quantitative PCR (RTQPCR)

was synthesized using 1 lg of total RNA in a total volume

of 20-lL, using oligo dT primer (Reverse-iT TM 1st Strand

Synthesis Kit, ABgene, Surrey, UK). Each 20-lL cDNA

reaction was then diluted threefold with PCR grade water.

Primer Design and Validation for Real-Time

Quantitative PCR

Real-Time Quantitative PCR (RTQPCR) primer pairs were

designed for the PiDes12, PiDes6, and PiDes5 genes and the

house keeping gene actin, PiAct using the PrimerQuest tool

(http://test.idtdna.com/Scitools/Applications/Primerquest/).

Primer pairs were validated as described by Iskandarov et al.

[43]. The nucleotide sequences of primer pairs and the

amplicon sizes are presented in Table 2.

Results

Isolation and Identification of cDNA for D12, D6,

and D5 Desaturase Genes of P. incisa

The partial sequences of the D12, D6 and D5 desaturase

gene homologues were isolated using degenerate oligonu-

cleotides (Table 1) targeting conserved amino acid motifs

identified in algae, lower plants and fungi [26, 27, 44, 45].

522 Lipids (2010) 45:519–530

123

http://test.idtdna.com/Scitools/Applications/Primerquest/


A partial sequence of the actin gene was amplified based on

nucleotide similarity with the actin gene of Chlamydo-

monas reinhardtii [46] to be used as a house keeping gene

in RTQPCR experiments.

Partial sequences of 503, 558 and 636 bp, corresponding

to the D12, D6, and D5 desaturase genes, respectively, were

used for designing gene specific primers that were used to

amplify the 50- and 30- ends of the expected genes. Assem-

bling the 50 and 30 RACE PCR product sequences resulted in

the identification of three cDNA clones with sequence

homologies to known D12, D6, and D5 desaturase genes. The

full-length cDNA corresponding to D12, D6, and D5 desat-

urase genes were thus designated PiDes12, PiDes6, and

PiDes5. The ORFs for PiDes12, PiDes6 and PiDes5 genes

were 1.140, 1.443, and 1.446 bp in length, respectively,

coding for the corresponding predicted proteins of 380, 481

and 482 amino acids. The predicted amino acid sequence of

PiDes12 is 64 and 62% identical to that of Chlorella vulgaris

(BAB78716) and C. reinhardtii (XP_001691669), respec-

tively, while it shares more than 50% identity with those of

higher plants. It contains three conserved histidine motifs

HxxxH, HxxHH and HxxHH. The deduced amino acid

sequence of PiDes6 is 52 and 51% identical to those of the D6

desaturases from the liverwort Marchantia polymorpha

(AAT85661) and the moss Ceratodon purpureus, respec-

tively (CAB94993). It is also 45% identical to the M. alpina

D6 desaturase (ABN69090). PiDes5 shares 55 and 51%

identity with the D5 desaturase from the microalgae

M. squamata (CAQ30478), and O. tauri (CAL57370),

respectively, and 54% with that from M. polymorpha

(AAT85663) but is only 36% identical to the M. alpina D5

desaturase (AAC72755). Both PiDes6 and PiDes5 contain

N-terminal fused cytochrome b5 domain including the HPGG

motif and the three histidine boxes found to be conserved in

front-end desaturases [19, 27]. The three characteristically

conserved histidine-rich motifs with amino acid patterns of

HD(E)xxH, HxxHH, QxxHH in D6 desaturases, and HDxxH,

QHxxxHH, QxxHH in D5 desaturases are also present in

PiDes6 and PiDes5, respectively (Supplementary Fig. 1).

Phylogenetic Analysis

An unrooted phylogenetic tree (Fig. 1) of PiDes12, PiDes6,

PiDes5 and several functionally characterized desaturases

from all three groups was constructed to identify their

functional and phylogenetic relationships by the neighbor-

joining program in MEGA4 [47]. The deduced amino acid

sequence of PiDes12 is closely related to D12 desaturases

of green algae and very similar to those of higher plants.

The sequences of PiDes6 and PiDes5 cluster with D6 and

D5 desaturases, respectively, from algae, moss and fungi.

PiDes6 is very similar to the M. polymorpha (MpDEs6)

and P. tricornutum (PtD6p) D6 desaturases, while PiDes5

appears to be closely related to the D5 desaturase from the

moss M. polymorpha and shares more sequence similarity

with the D5 desaturase from the chlorophytes M. squamata

and O. tauri than with those of fungal origin. However,

both D6 or D5 desaturases from M. squamata, D6 desatu-

rases of O. tauri, O. lucimarinus, and M. pusilla appear to

be structurally more similar to each other than to any of the

known desaturases from either group.

Functional Expression of PiDes12, PiDes6, and PiDes5

in S. cerevisiae

The functional activities of the proteins encoded by PiDes12,

PiDes6 and PiDes5 were examined by heterologous

expression in S. cerevisiae. To this aim, the pYES2 con-

structs pYPiDes12, pYPiDes6 and pYPiDes5 containing the

ORFs for PiDes12, PiDes6, and PiDes5, respectively, were

transformed into S. cerevisiae. The yeast cells, harboring the

empty vector pYES2 (control), did not demonstrate desatu-

ration activity on the exogenously provided fatty acid sub-

strates (Fig. 2). GC analysis of the FAME of the yeast

transformed with pYPiDes12, did not reveal a significant

conversion of endogenous 18:1D9 since only a small peak

corresponding to 18:2D9,12 appeared on chromatograms

(0.3% of TFA; Supplementary Fig. 2). An attempt to

increase the activity of the recombinant protein by the opti-

mization of yeast translation consensus was not successful.

PiDes6 and PiDes5 expressions were induced in the

presence of the main x6 substrates for D6 or D5 fatty acid

desaturases, 18:2D9,12 and 20:3D8,11,14, respectively. New

peaks corresponding to 18:3D6,9,12 and 20:4D5,8,11,14,

respectively, were detected, confirming the predicted

function of PiDes6 and PiDes5. The expression of PiDes6

in the presence of 18:3D9,12,15 resulted in the appearance of

the corresponding D6 desaturation product 18:4D6,9,12,15

(Fig. 2). PiDes6 desaturase was neither active on endoge-

nous yeast fatty acids nor on exogenously-provided 18:1D9.

PiDes6 was not active on 20:3D11,14,17 either, whereas

PiDes5 desaturated it to the non-methylene-interrupted

20:4D5,11,14,17. PiDes5 converted 20:4D8,11,14,17 into the

Table 2 Primers used in RTQPCR experiments

Gene Forward primer/reverse primer Amplicon

size (bp)

PiDes12 50-GAAGCACCACCAAGGATGAGGT-30 112

50-AGCGAGACGAAGATGACCAGGAA-30

PiDes6 50-ACTTCCTGCACCACCAGGTCTTC-30 112

50-TCGTGCTTGCTCTTCCACCAGT-30

PiDes5 50-TAAGTGCCAGGGCTGTGCTAGA-30 110

50-GAACTGACCCTCCTCTGTGTCCT-30

PiAct 50-CGTCCAGCTCCACGATTGAGAAGA-30 154

50-ATGGAGTTGAAGGCGGTCTCGT-30
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respective D5 product, 20:5D5,8,11,14,17 (EPA) as well as the

added 18:1D9 into the non-methylene-interrupted 18:2D5,9

(Fig. 2). The D5 position on 18:2D5,9 was determined by a

characteristic peak of m/z = 180 on the GC-MS spectra of

its pyrrolidine derivative (not shown). The presence of

18:2D5,9 was also observed in the chromatograms of the

PiDes5 transformant supplied with C20 fatty acids. In

addition, a tiny peak, tentatively identified as 18:4D5,9,12,15

was present on the chromatogram of the PiDes5 trans-

formant fed with 18:3D9,12,15 (Table 3).

We also conducted a kinetic analysis of ARA emergence

in TFA of the PiDes5 transformant during 24 h following

Fig. 1 An unrooted phylogram of PiDes12, PiDes6, PiDes5 and

some functionally characterized D12, D6 and D5 desaturases (verte-

brate and invertebrate desaturases are not included). The alignment

was generated by the CLUSTAL W program and the unrooted

phylogram was constructed in the neighbor-joining method using

the MEGA4 software [47]. GenBank sources of the sequences

are: BAB78716 (D12, Chlorella vulgaris), XP_001691669 (D12,

C. reinhardtii), BAC22091 (D12, Spinacia oleracea), AAL37484

(D12, Gossypium hirsutum), AAW63040 (D12, Olea europaea),

CAB94993 (D6, Ceratodon purpureus), AAT85661 (D6, M. poly-
morpha), BAA85588 (D6, M. alpina), AAL92563 (D6, P. tricornu-
tum), AAX14505 (D6, T. pseudonana), (D6, Pythium irregulare),

CAL57370 (D5, O. tauri), AAT85663 (D5, M. polymorpha),

AAL13311 (D5, P. irregulare), CAD53323 (D5, Phytophthora
megasperma), BAA37090 (D5, Dictyostelium discoideum),

AAC72755 (D5, M. alpina), CAQ30478 (D5, M. squamata),

CAQ30479 (D6, M. squamata), AAW70159 (D6, O. tauri),
CS020055 (D5, P. patens)
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the addition of 20:3D8,11,14 (DGLA). Results showed that

ARA peak was evident already after 3 h (corresponding to

10.9% substrate conversion) with a gradual but slow

increase (up to 15.1% conversion) after 24 h. Fatty acid

analysis of the major polar and neutral lipids of the yeast

transformed with pYPiDes5 was performed 24 h after

feeding with 20:3D8,11,14 to study the pattern of ARA dis-

tribution within individual lipids. In the transformed yeast,

ARA appeared in phospholipids with similar conversion

rates (Table 4), but with the highest proportion detected in

PtdCho. It was also present in the neutral lipids: TAG, free

fatty acids (FFA), diacylglycerol (DAG) and sterol esters

(SE). Given that TFA content in PtdCho, a major

phospholipid of S. cerevisiae [48], amounted for about 16%

of total lipids in pYPiDes5 transformant fed with DGLA

(Table 4), PtdCho allocated the main part of ARA attached

to phospholipids.

Expression Profiles of PiDes12, PiDes6, and PiDes5

Under Nitrogen Starvation

To use actin as a house-keeping gene in quantitative real-

time PCR experiments, we amplified a partial fragment

(503 bp) of the P. incisa actin gene using the primers

whose design was based on the C. reinhardtii actin cDNA

(XM_001699016). Indeed, the expression level of the actin

gene did not significantly change throughout the nitrogen

starvation. PiDes12, PiDes6, and PiDes5 were upregulated

following the transfer to Nitrogen starvation, reaching the

highest expression level on day 3 and decreasing thereafter

to a level about 15–20 fold higher than that at time 0

(Fig. 3). Both the PiDes12 and PiDes5 genes were

expressed at levels approximately 65- to 70-fold higher on

day 3 than at time 0, while the PiDes6 transcript was about

45-fold higher (Fig. 3). The expression patterns of

PiDes12, PiDes6, and PiDes5 correlated with the enhanced

biosynthesis of ARA in P. incisa cells (Table 5).

Discussion

The capacity of P. incisa to accumulate large quantities of

ARA-rich TAG under nitrogen starvation, suggested that it

would be of great interest to study its genes and enzymes

involved in the accumulation of VLC-PUFA. In the present

work, we have thus cloned the P. incisa D12, D6, and D5

desaturases which in conjunction with a recently cloned D6

specific PUFA elongase [43], represent a set of P. incisa

genes involved in the biosynthesis of ARA. The deduced

amino acid sequences of PiDes12, PiDes6, and PiDes5

contain three histidine rich motifs (his-boxes) that are

Fig. 2 GC of FAME of recombinant yeast harboring pYES2

(control), pYPiDes6 (a) fed with 18:2D9,12 or 18:3D9,12,15, and

pYPiDes5 (b) fed with 20:3D8,11,14, 20:D8,11,14,17 or 18:D9

Table 3 Conversion percent of the supplied fatty acids by PiDes6

and PiDes5 in S. cerevisiae

Fatty acid substrate Desaturase product and conversion (%)

PiDesD6 PiDesD5

18:1D9 – 18:2D5,9 (4.2)

18:2D9,12 18:2D6,9,12 (5.1) –

18:3D9,12,15 18:4D6,9,12,15 (4.5) 18:4D5,9,12,15 (1.4)a

18:3D6,9,12 –

20:3D11,14,17 – 20:4D5,11,14,17 (10.0)

20:3D8,11,14 – 20:4D5,8,11,14 (16.4)

20:4D8,11,14,17 20:5D5,8,11,14,17 (17.1)

Yeast strain W303 transformed with pYES2-PiDES6 and pYES2-

PiDES5 was grown for 48 h at 26�C in the presence or absence of

different fatty acid substrates (250 lM). FAME from the whole cells

were prepared and analyzed by GC as described in ‘‘Materials and

Methods’’. Desaturation (percentage of conversion) was calculated as

(product 9 100)/(substrate ? product)
a Tentative identification
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characteristic of all membrane bound desaturases [22–29,

49–51]. Both PiDes6 and PiDes5 contain a fused cyto-

chrome b5 at their N-terminus, supporting their micro-

somal localization, similar to other functionally

characterized front-end desaturases [52, 53].

Heterologous expression of PiDes6 and PiDes5 in yeast

cells confirmed their D6 and D5 activity by conversion of

supplemented fatty acids to the corresponding desaturation

products. PiDes12, however, demonstrated very low desat-

uration activity, which we could not improve by the 50

modification of the inserted sequence. A similar low activity

in yeast was also demonstrated in some cases, such as for D5

and D12 desaturases of O. tauri and Chlorella vulgaris NJ-7,

respectively [30, 54]. There are several possible explana-

tions for the low activity of the recombinant protein in the

heterologous expression including mistargeting, posttrans-

lational modifications, etc., although we do not have

experimental data to support this assumption.

Functional characterization of PiDes6 and PiDes5 con-

firmed the previously reported substrate specificities of the

D5 and D6 desaturases which are generally restricted to C18

and C20 substrates, respectively [23, 24, 27]. PiDes6 and

PiDes5 desaturated both x3 and x6 fatty acids with similar

efficiency (Fig. 2; Table 3). Various results concerning

x3/x6 substrate preference were reported for functionally

characterized D6 and D5 desaturases from different organ-

isms that were expressed in yeast. The x6 and x3 substrates

were equally used by the D6, D5 and D4 desaturases of

Leishmania major [55], the D6 desaturases of the diatom

P. tricornutum [27] and the green alga O. tauri [29]. The D6

desaturase of T. pseudonana exhibited a slightly higher

preference for the exogenous x3 fatty acid, ALA [28],

whereas the D5 desaturase of T. pseudonana did not show

a preference for either x6 or x3 substrates. Recently

cloned D6 desaturases from the microalgae M. squamata,

M. pussila and O. lucimarinus displayed a strong preference

for the x3 substrate ALA [30, 31, 56]. A preference for x3

substrates was also reported for the Primula D6-desaturase

[57] and for all fish D6 desaturases studied to date [58].

A front-end PiDes5 desaturated its principal substrate

20:3D8,11,14 as well as 20:4D8,11,14,17; in addition, non-

methylene interrupted fatty acids were also produced as a

result of its activity on 20:3D11,14,17, and on both endoge-

nous and exogenous 18:1D9, but with lower efficiency. The

D5 desaturases of different origins have been previously

shown to be promiscuous in heterologous systems [13, 23,

32, 50], as a result, non-methylene interrupted FA were

detected in yeast [23, 27, 28] and in transgenic canola [50].

Exceptionally, the D5 desaturase of trypanosome L. major

utilized 20:3D8,11,14 and 20:4D8,11,14,17 with a similar effi-

ciency but not 20:3D11,14,17 or 20:2D11,14 [55]. An unusual

Table 4 Fatty acid composition and distribution of individual lipid classes of S. cerevisiae expressing the PiDes5 ORF

Lipid Fatty acid composition (% of total fatty acids) Conversion

(%)

TL

(%)*

ARA

(% TL)*
16:0 16:1 18:0 18:1D9 18:2D5,9 DGLA ARA

TAG 17.4 27.6 9.6 23.0 0.4 19.6 2.0 9.3 61.3 55.2

SE 10.5 38.5 7.1 30.4 0.0 12.2 1.1 8.4 3.6 1.8

DAG 27.9 16.3 21.9 24.3 0.1 7.2 2.0 24.0 1.6 1.4

FFA 26.1 20.3 23.5 8.9 0.2 17.2 3.6 17.2 5.5 9.1

PtdCho 19.7 30.1 9.3 24.3 0.7 11.6 3.6 24.2 15.7 25.7

PtdEtn 21.7 34.9 2.8 32.8 0.5 5.0 1.6 24.6 3.2 2.3

PI ? PS** 34.0 20.8 12.4 26.5 0.2 4.6 1.1 18.1 9.0 4.4

TL total lipids, PI phosphatidylinositol, PS phosphatidylserine
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Fig. 3 Changes in expression of the PiDes12, PiDes6, and PiDes5
genes under N-starvation and daily increase in ARA percent share in

total fatty acids. The transcript abundance of the genes was

normalized to that of the actin gene
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case is the C. reinhardtii cytochrome b5 fusion protein

(CrDES) which acts as an x13 desaturase and inserts D5

double bond on both 18:1D9 and 18:2D9,12 producing the

non-methylene interrupted 18:2D5,9 and 18:3D5,9,12, while

adding a D7 double bond to 20:2D11,14 and 20:3D11,14,17

[59]. Apparently, in addition to the fatty acid chain length,

the location and number of double bond, and the form of

the substrate (lipid- or CoA-bound) are also crucial for D5

desaturation.

Differently from PiDes5, PiDes6 desaturated neither the

yeast major monounsaturated fatty acids nor the exoge-

nously supplied 18:1. Unlike some reported D6 desaturases

[27, 28, 60–63], PiDes6 did not act on 20:3D11,14,17, indi-

cating that it is specific for D9 C18 PUFA. It appears that

not only the organism being transformed, but also the gene

origin, may determine the substrate specificity of the

recombinant D6 and D5 desaturases.

It was shown in the radiolabeling studies with P. incisa,

that PtdCho and DGTS are used for lipid-linked C18 D6

desaturation whereas mostly PtdEtn is used for C20 D5

desaturation [3]. In recent years, a few examples of

desaturases that act on CoA-activated rather than on lipid-

linked fatty acids were reported [29–31, 56]. Sequence

similarity analysis of algal and lower plant D6 or D5

desaturases, revealed that the D6 and D5 desaturases of

M. squamata are highly similar to those of O. tauri and

O. lucimarinus, respectively (Fig. 1). One can indeed

assume that their structural similarity may indicate to the

functionally confirmed acyl-CoA dependency. Unlike D5

desaturases of M. squamata and O. tauri, their D6 desatu-

rases appear to be somewhat more similar to their mam-

malian D6 desaturases homologs, e.g., mouse (NR_062673)

and human (NP_04256) [64] than to those of lower plants.

PiDes5 featured higher substrate conversion rate in

comparison to PiDes6. A relatively fast emergence of

substantial percentage of ARA (10.6% conversion after 3 h

of feeding) pursued us to study ARA distribution in indi-

vidual lipid classes of the transformed yeast (24 h of

feeding). A uniform distribution of desaturation products in

yeast lipids may serve as an indication for acyl-CoA

dependency [30, 31]. Interestingly, the M. polymorpha D6

desaturase was suggested to use acyl substrates in both

glycerolipids and the acyl-CoA pool [26]. The expression

of the M. squamata D5 desaturase in the presence of DGLA

resulted in the accumulation of nearly similar amounts of

ARA in all phospholipid classes and in the neutral lipids

[30]. At the same time, the expression acyl-lipid desatu-

rases resulted in a preferential accumulation of the product

in PtdCho. In the present work, ARA was detected in all

analyzed phospho- and neutral lipid classes of S. cerevisiae

expressing PiDes5 (Table 4). Similar conversion rates were

determined in phospholipids, however, ARA partition

showed preference for the major phospholipid PtdCho

followed by PtdEtn. Thus, these data and sequence simi-

larity with functionally characterized acyl-lipid desaturases

(Fig. 1) confirmed that in P. incisa, phospholipids PtdCho

and PtdEtn are the main site for lipid-linked D5 desatura-

tion [10]. It is necessary to mention that P. incisa desatu-

rases produced relatively low activity in heterologous yeast

system in comparison with high endogenous activity in the

algal cells.

The quantitative RT-PCR results revealed that the gene

expression levels of PiDes12, PiDes6, and PiDes5 during

the course of nitrogen starvation followed a similar pattern.

The major transcriptional activation of the all three desat-

urases occurred on day 3 coinciding with a sharp rise in the

percentage of ARA, which almost doubled (Fig. 3,

Table 5). The same expression pattern featured the

P. incisa D6 PUFA elongase [43], however, at lower level.

The concerted transcriptional activation of the PiDes12,

PiDes6, PiDes5, and PiELO1 genes was accompanied by

an increase in the percent share of 18:1, a main chloroplast-

derived fatty acid exported to ER and substrate of micro-

somal D12 desaturase. Thus, we assume that despite the

lack of significant activity in the yeast expression system,

we cloned the D12 desaturase of P. incisa responsible for

18:2 production in the ER. This gene is highly expressed in

the alga under conditions requiring active production of

18:2. Possibly, further optimization of the codon usage

could result in higher conversion rates. High expression of

ARA biosynthetic genes in P. incisa was accompanied by

enhanced D5 and D6 desaturations of precursor fatty acids

in the x6 pathway (Table 5), a major pathway of ARA

biosynthesis in P. incisa [10, 65].

Table 5 Major fatty acid composition and content of P. incisa cells grown under N-starvation

Time (days) Fatty acid composition (% of total fatty acids) TFA (% DW)

16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 x6 18:3 x3 20:3 x6 20:4 x6 20:5 x3

0 19.1 5.6 4.1 2.9 3.1 9.1 20.1 1.2 6.0 0.5 23.0 0.7 6.4

1.5 15.9 3.1 2.3 2.1 3.8 15.6 15.6 2.1 2.9 1.0 30.3 0.6 8.7

3 12.7 2.3 1.5 1.9 3.8 15.2 13.5 1.6 2.0 0.9 39.7 0.6 11.0

7 10.7 1.0 0.6 1.1 3.5 14.9 10.0 1.1 0.9 1.0 50.0 0.5 21.2

14 9.0 0.2 0.3 0.8 3.1 13.4 8.8 0.9 0.6 0.9 56.9 0.6 29.0
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Understanding the mechanisms underlying gene tran-

scription regulation in metabolic pathways and character-

istics of enzymes involved in ARA-rich TAG biosynthesis

in P. incisa is a prerequisite for manipulating algal species

for sustainable production of algal oils of high pharma-

ceutical and nutraceutical values. There is a significant

body of information on the reconstitution of VLC-PUFA

biosynthetic pathway in yeast and higher plants using

microalgae-derived D6 and D5 desaturases in different

combinations with PUFA elongases [31–35], whereas, so

far, there were no attempts in molecular engineering of

algal VLC-PUFA biosynthesis. Acyl-CoA algal desatu-

rases, when expressed in higher plants, are often charac-

terized by higher substrate conversion rates than that of the

lipid-linked desaturases and convert precursors to VLC-

PUFA more efficiently [29, 31, 34]. A most recent example

is a metabolic engineering of an EPA biosynthesis pathway

in tobacco leaf, consisting of the three algal enzymes, the

acyl-CoA dependent D6-desaturase of M. pusilla with x3

preference, the D6-elongase of the marine microalga

Pyramimonas cordata and the D5-desaturase of Pavlova

salina, producing 26% EPA in TAG [31]. This was per-

formed employing an elegant and fast leaf assay for the

transient expression and identification of the effective gene

combination to produce desired VLC-PUFA in planta. The

metabolic engineering of microalgae for desired fatty acid

composition will be facilitated by the further development

of genetic transformation tools for the wide range of mic-

roalgal species.
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Abstract The present study was performed to investigate

the effect of dietary conjugated linoleic acid (CLA) on the

growth performance, immune parameters and disease

resistance to Aeromonas hydrophila of juvenile Jian carp.

A total of 900 juvenile Jian carp (10.71 ± 0.02 g) were

randomly allocated into six groups of each three replicates,

feeding isonitrogenous (35% crude protein) and isolipidic

(7.8% crude fat) diets containing graded amounts of CLA

(0, 0.5, 0.8, 1.4, 1.7, and 2.0%) for 60 days. After a 60-day

growth test, a challenge trial was conducted by intraperi-

toneal injection of Aeromonas hydrophila to determine the

effect of CLA on disease resistance of juvenile Jian carp.

The results showed that diets incorporated with a propor-

tion of up to 2.0% CLA without effect on weight gain, feed

intake, and feed conversion ratio, but improved immune

parameters and disease resistance of juvenile Jian carp. The

dietary CLA level of optimal disease resistance to Aero-

monas hydrophila was estimated to be 1.7% in juvenile

Jian carp using broken-line analysis.

Keywords Conjugated linoleic acid � Growth �
Immunity � Disease resistance � Juvenile Jian carp

Abbreviations

CLA Conjugated linoleic acid

LD50 50% lethal dose

CFU Clonal formation unit

SD Standard deviation

FI Feed intake

WG Weight gain

FCR Feed conversion ratio

RBC Red blood cell count

WBC White blood cell count

SRF Survival rate during growth trail

SRV Survival rate after challenge

LA Lysozyme activity

TIBC Total iron-binding capacity

Introduction

Conjugated linoleic acid (CLA) is a mixture of positional

(9, 11; 10, 12; or 11, 13) and geometric (cis or trans)

isomers of linoleic acid (18:2n-6). The two main naturally

occurring isomers being cis-9, trans-11 and trans-10,

cis-12, are known to possess biological activity [1]. Sch-

warz et al. [2] found the amounts of monounsaturated and

polyunsaturated fatty acids are reduced, and the amounts of

saturated fatty acids are increased in carp after being given

a diet containing CLA. Choi et al. [3] carried out a study

showing that carp fed with the CLA supplemented diets

with the c9, t11- and tl0, c12-CLA isomers as the major

components and the c9, c11-, cl0, cl2-, t9, t11-, and tl0,

t12-CLA as the minor ones incorporated into the phos-

pholipids and neutral lipid fractions. The CLA content in

the muscle hepatopancreas, testes, and ovaries of carp fed

with a CLA supplemented diet for 8 weeks was positively

related to the CLA content of the diets [3]. The effects of

dietary CLA supplements on growth performance have
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been studied in a number of fish species. In common carp

Cyprinus carpio [2], Atlantic salmon Salmo salar [4, 5],

yellow perch Perca flavescens [6], tilapia Oreochromis

niloticus [7], rainbow trout Oncorhynchus mykiss [8–10],

channel catfish Ictalurus punctatus [11], a dietary CLA

supplement did not affect their weight gain, feed intake,

and feed conversion ratio. However, some studies found

that weight gains and specific growth rates were improved

in channel catfish [12] and common carp [13] fed with the

diets containing CLA. Therefore, the effects of CLA on

fish growth performance remain uncertain.

Recently it has been reported that CLA has immuno-

modulatory properties and enhances terrestrial animal

immune function [14–16] when the animals have been fed

with a CLA supplemented diet. To our knowledge, there is

a lack of information about the relationship between CLA

and the immune response in fish. Only recently, has one

study showed that inclusion of CLA up to 1% increased sea

bass juveniles Dicentrarchus labrax plasma lysozyme

activity and was positively correlated with an alternative

complement pathway [17].

The present study aim was to determine the effects of a

dietary CLA supplement on growth performance, immune

parameters, and disease resistance to Aeromonas hydro-

phila of juvenile Jian carp Cyprinus carpio var. Jian.

Materials and Methods

Diet Preparation

The formulation of the basal diet is shown in Table 1. Fish

meal, soybean meal and rice gluten meal were used as

protein sources. The CLA was added to the diets at the

expense of the fish oil so that all the diets remained isoli-

pidic. The CLA (containing 87.6% CLA methyl esters as a

50:50 mixture of c9, t11 and t10, c12 isomers) was obtained

from the Xin Jiang Technical Institute of Physics and

Chemistry, Chinese Academy of Sciences. Six experimen-

tal diets were formulated to supplement with 0, 0.5, 0.8, 1.4,

1.7 and 2.0% CLA. Table 2 shows the fatty acid profiles of

the diets. Crude protein and lipid content values were the

measured according to AOAC [18]. Available phosphorus,

lysine, methionine and cystine content values were calcu-

lated according to feed ingredients composition values [19].

Fish Feeding and Challenge

A total of 900 juvenile Jian carp (10.71 ± 0.02 g) were

randomly allocated into each of 18 glass aquaria

(90 9 30 9 40 cm3). Each aquarium was randomly

assigned to one of three replicates of six groups. Fish were

acclimatized to the experimental conditions with their

respective diet for 1 week prior to starting the growth trial.

Fish were fed daily with the respective diet 8 times per day

at 0700, 0900, 1100, 1300, 1500, 1700, 1900, and

2100 hours, and were carefully observed to ensure satiation

without overfeeding for 60 days. A closed system with

continuous aeration and daily replacement of water in the

Table 1 Ingredients and approximate composition of the basal diet

Ingredients Dry diet

(g kg-1)

Chemical

composition

Dry diet

(g kg-1)

Fish meal 217.0 Crude protein 350.0

Soybean meal 195.8 Crude fat 78.0

Rice gluten meal 165.0 Available phosphorus 6.0

a-Starch 338.1 Lysine 21.0

Fish oil 47.3 Methionine ? cystine 11.0

Ca (H2PO4)2 22.6

DL-Methionine 4.2

Mineral mixturea 5.0

Vitamin mixtureb 3.0

Choline chloride 1.3

Ethoxyquin 0.7

a Per kg of mineral mix: FeSO4�7H2O, 152.00 g; CuSO4�5H2O,

2.40 g; ZnSO4�7H2O, 31.20 g; MnSO4�H2O, 8.20 g; Na2SeO3�5H2O,

0.18 g; KI, 0.16 g; CaCO3, 805.86 g
b Per kg of vitamin mix: retinyl acetate (500,000 IU g-1), 2.667 g;

cholecalciferol (500,000 IU g-1), 1.666 g; DL-a-tocopherol acetate

(50%), 66.667 g; menadione (50%), 0.667 g; thiamin nitrate (98%),

0.170 g; riboflavin (80%), 2.917 g; pyridoxine�HCl (98%), 2.040 g;

cyanocobalamin (1%), 0.333 g; ascorbyl acetate (35%), 66.667 g;

D-calcium pantothenate (98%), 10.204 g; niacin (99%), 10.101 g;

biotin (2%), 16.670 g; myo-inositol (98%), 149.663 g; folic acid

(96%), 0.347 g

Table 2 Fatty acids compositions of the diets, % of total fatty acids

Fatty acids 0 0.5 0.8 1.4 1.7 2.0

14:0 7.3 6.4 5.9 5.4 4.8 4.3

16:0 13.8 12.5 11.8 11.0 10.3 9.8

16:1 5.3 4.6 4.2 3.9 3.8 3.1

18:0 1.6 1.5 1.5 1.5 1.5 1.5

18:1 13.6 12.6 12.0 11.5 10.9 10.3

18:2n6 3.5 3.2 3.0 2.7 2.5 2.3

CLA 0 8.9 14.4 21.9 27.3 32.7

18:3n3 1.3 1.1 1.0 0.9 0.8 0.7

18:4n3 2.4 2.1 2.0 1.8 1.6 1.4

20:1 12.0 10.5 9.6 8.8 7.9 7.0

20:4n6 0.5 0.4 0.4 0.4 0.3 0.3

20:5n3 6.6 5.8 5.3 4.9 4.4 3.9

22:1 18.1 15.9 14.6 13.3 12.0 10.6

22:5n3 0.7 0.6 0.6 0.5 0.5 0.4

22:6n3 7.1 6.2 5.7 5.2 4.7 4.2

CLA: sum of c9, t11 and t10, c12 isomers
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aquarium was used. The aquaria system, operation of the

culture system, and water quality were as previously

described in [20].The experimental units were under a

natural light and dark cycle (approximately 13 h L:11 h D).

The water temperature was maintained at 21 ± 1 �C.

After the growth trial, five fish with a similar body

weight were removed from each aquarium and moved to a

tank with the same conditions, allowed to adapt to the

culture conditions for 5 days, and then kept for another

17 days in a challenge trial. Fish were challenged by

intraperitoneal injection with Aeromonas hydrophila

(1010 cfu mL-1, LD50) at a dose of 0.5 mL fish-1 by the

method reported in [21]. The experiment conditions were

the same as in the growth trial.

Sample Collection and Analysis

Fish were weighed at the beginning and end of the growth

trial. At the end of the growth trial, five fish were taken from

each aquarium, the blood was collected from the caudal

vein using a syringe with heparin to prevent coagulation.

The red blood cells and the white blood cells were counted

by the method in [21]. At the end of the challenge trial, five

fish per aquarium were anesthetized with MS-222 (Sigma

Chemical) 12 h after their last feeding. Blood was collected

from the caudal vein, stored at 4 �C overnight, and centri-

fuged at 3,000g for 10 min, the supernatant was stored at

-20 �C for analysis. The serum agglutination activity was

determined using a hemagglutination assay [22]. The

activity was expressed as the titer, i.e., the reciprocal of the

highest dilution showing complete agglutination. The

lysozyme activity of the serum was measured using a

method based on the ability of lysozyme to lyse the bacte-

rium Micrococcus lysodeikticus described in [21]. The total

iron-binding capacity was determined according to [23].

Calculations and Statistical Analyses

All data are presented as means ± SD and subjected to

one-way analysis of variance followed by Tukey’s test to

determine significant differences among treatments, and

probability values P \ 0.05 indicates a significant differ-

ence. The broken-line model was used to calculate the

optimal dietary CLA supplement in juvenile Jian carp for

the maximal survival rate after challenge [24].

Results

Table 3 shows growth and feed utilization parameters of

fish fed the basal diet or diets with varying levels of CLA.

Growth of the Jian carp was unaffected by CLA, neither

having any significant effect on final weight, weight gain,

and feed intake, nor feed conversion ratio (P [ 0.05). Red

blood cell count and white blood cell count were signifi-

cantly increased in response to the CLA increasing up to

1.4%, and remaining nearly constant thereafter (P \ 0.05,

Table 4). There was no difference in survival rate among

all dietary treatments in growth trail (P [ 0.05, Table 5).

However, with the increasing of dietary CLA levels, sur-

vival rate after challenge with Aeromonas hydrophila was

increased with CLA increasing gradually up to 1.4%, and

then remaining nearly constant (P \ 0.05, Table 5).

Lysozyme activity, hemagglutination titer, total iron-

binding capacity, and blood cell counts showed the same

change, increased significantly with the CLA increasing up

Table 3 Effects of dietary CLA supplementation on final weight and feed intake (FI, g fish-1), weight gain (WG), and feed conversion ratio

(FCR) of juvenile Jian carp

CLA (%) Initial weight Final weight WG FI FCR

0.0 10.73 ± 0.02 33.55 ± 1.96 212.64 ± 18.12 32.59 ± 1.85 1.43 ± 0.04

0.5 10.70 ± 0.03 33.39 ± 0.82 212.05 ± 7.04 32.81 ± 0.89 1.45 ± 0.01

0.8 10.70 ± 0.01 34.45 ± 1.26 221.99 ± 11.78 32.54 ± 0.86 1.37 ± 0.04

1.4 10.71 ± 0.01 34.74 ± 1.37 224.47 ± 12.63 33.45 ± 0.43 1.39 ± 0.08

1.7 10.72 ± 0.02 33.97 ± 0.77 216.78 ± 6.70 32.64 ± 0.38 1.40 ± 0.06

2.0 10.71 ± 0.03 34.54 ± 1.00 222.42 ± 8.63 33.32 ± 0.28 1.40 ± 0.06

Mean ± SD (n = 3). There were no significant differences between dietary groups (P [ 0.05)

WG = 100 9 (final weight - initial weight)/initial weight. FCR = feed intake/weight gain

Table 4 Effect of dietary CLA supplementation on red blood cell

count (RBC, 108 cell mL-1) and white blood cell count (WBC, 106

cell mL-1) in juvenile Jian carp

CLA (%) RBC WBC

0 11.60 ± 0.18a 1.80 ± 0.14a

0.5 12.37 ± 0.17b 2.67 ± 0.29b

0.8 12.75 ± 0.06c 3.33 ± 0.16c

1.4 13.80 ± 0.13d 3.60 ± 0.24cd

1.7 13.78 ± 0.07d 3.72 ± 0.20d

2.0 13.78 ± 0.13d 3.61 ± 0.28d

Mean ± SD (n = 3).Values sharing the same superscripts are not

significantly different (P \ 0.05)
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to 1.4%, thereafter kept nearly constant (P \ 0.05,

Table 6). According to the broken-line analysis, the values

of the parameters of dietary CLA level were: for SRV,

1.7 ± 0.1%, Y = 57.7 - 14.7x (R-XLR); for RBC, 1.4 ±

0.1%, Y = 13.8 - 1.6x (R-XLR); for WBC, 1.0 ± 0.1%,

Y = 3.6 - 1.9x (R-XLR); for LA, 1.2 ± 0.1%, Y = 15.9 -

5.3x (R-XLR); for log2HA, 1.6 ± 0.2%, Y = 7.8 - 1.0x

(R-XLR); for TIBC, 1.1 ± 0.2%, Y = 10.3 - 2.7x

(R-XLR). (P \ 0.05, R2 = 0.99). The nutrient response

curve generated by the broken-line equation is given in

Fig. 1.

Discussion

The results show that juvenile Jian carp weight gain, feed

intake and feed conversion ratio were not influenced sig-

nificantly by a 0.5–2.0% CLA supplement. Similar results

have been reported for common carp weight gain, feed

conversion ratio, and daily growth rate [3]. Some reports

showed that 1.0% CLA in the diet improved the specific

daily growth rate and feed conversion ratio in common

carp, but 5.0 and 10.0% CLA decreased growth perfor-

mance [13]. These different results may possibly be

attributed to the total dietary lipid level different, 15% [13]

and 10% [3].

The survival rate in the challenge trial is usually used to

reflect fish disease resistance [25–28]. The present study

firstly indicated dietary supplement CLA could improve

the survival rate of juvenile Jian carp after being chal-

lenged with Aeromonas hydrophila. To our knowledge,

there is no available information on CLA increasing fish

disease resistance. The dietary CLA supplement in juvenile

Jian carp to optimal disease resistance was 1.7% using

broken-line regression with the survival rate after challenge

with Aeromonas hydrophila.

The positive effect of CLA on disease resistance of

juvenile Jian carp may be attributed to the improved

immunity parameters. Fish possess non-specific defense

mechanisms, such as the phagocytic mechanisms devel-

oped by macrophages and granular leukocytes, and are also

the first animals to have developed both cellular and

humoral immune responses mediated by lymphocytes [29].

The non-specific immune system is started up immediately

and a series of immune responses are activated, including

recognition, adhesive and opsonization, and bacterial

growth inhibition and lysis [30]. As a variety of germ line-

encoded pattern recognition receptors, lectins show binding

specificity for different carbohydrates such as mannose,

N-acetyl glucosamine or fucose, this leads to opsonization,

phagocytosis and activation of the complement system

[31]. The hemagglutination titer was improved by CLA in

the present study. There is no information about the rela-

tionship between CLA and the serum hemagglutination

titer of fish or animal. A recent study has shown that CLA

was positively correlated with an alternative complement

Table 5 Effect of dietary CLA supplementation on survival rate

during growth trail (SRF) and survival rate after challenge (SRV)

with Aeromonas hydrophila of juvenile Jian carp

CLA (%) SRF SRV

0 99.33 ± 0.67a 33.33 ± 5.77a

0.5 100.00 ± 0.00a 40.00 ± 0.00a

0.8 99.33 ± 0.67a 43.33 ± 5.77ab

1.4 100.00 ± 0.00a 53.33 ± 5.77bc

1.7 100.00 ± 0.00a 60.00 ± 10.00c

2.0 100.00 ± 0.00a 56.67 ± 5.77c

Mean ± SD (n = 3).Values sharing the same superscripts are not

significantly different (P \ 0.05)

Survival rate = 100 9 Nt/N0, Nt and N0 were final and initial num-

bers of fish in each replicate, respectively

Table 6 Effect of dietary CLA supplementation on lysozyme activity

(LA, lg ml-1), hemagglutination titer (log2HA), total iron-binding

capacity (TIBC, lg ml-1) of juvenile Jian carp after challenge with

Aeromonas hydrophila

CLA (%) LA log2HA TIBC

0 9.38 ± 0.75a 6.33 ± 0.58a 7.47 ± 0.61a

0.5 12.09 ± 0.84b 6.67 ± 0.58ab 8.40 ± 0.40b

0.8 13.64 ± 0.97b 7.00 ± 0.00b 9.73 ± 0.61c

1.4 15.74 ± 0.82c 7.67 ± 0.58c 10.00 ± 0.40c

1.7 16.36 ± 0.97c 8.00 ± 1.00c 10.40 ± 0.40c

2.0 15.58 ± 0.84c 7.67 ± 0.58c 10.40 ± 0.40c

Mean ± SD. (n = 3).Values sharing the same superscripts are not

significantly different (P \ 0.05)
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Fig. 1 Broken line analysis of the survival rate after Aeromonas
hydrophila challenge in Jian carp fed the diets containing different

CLA levels for 60 days (values sharing the same superscripts are not

significantly different, P \ 0.05)
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pathway in sea bass juveniles [17]. Transferrins reduce

infection by binding iron, thereby reducing iron availability

to invading organisms, which restrict bacterial or fungal

multiplication until the immune system can respond [29].

The total iron-binding capacity reflects serum transferrins’

iron-binding properties [32]. The present result showed

CLA could enhance total iron-binding capacity of juvenile

Jian carp serum. There is no available information about

CLA increasing fish total iron-binding capacity. Lysozyme,

an important factor in the immune defense of both inver-

tebrates and vertebrates, is found in the serum, mucus, and

other tissues of fish [29]. Gram-positive bacteria can be

directly damaged by lysozyme [29]. The present results

indicated that CLA could improve serum lysozyme activity

of juvenile Jian carp. A recent study has shown that CLA

increased sea bass juveniles plasma lysozyme activity [17].

In conclusion, the present results showed that diets a

supplement of up to 2.0% CLA did not alter weight gain,

feed intake, and feed conversion ratio, but promoted

immune parameters and disease resistance of juvenile Jian

carp. The dietary CLA supplement was estimated to be

1.7% for optimal disease resistance to Aeromonas hydro-

phila in juvenile Jian carp.
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Abstract Neutral and polar lipids in the soft parts of a

gastropod species, Ifremeria nautilei, collected from deep-

sea hydrothermal vents, were examined to assess the

trophic relationships in hydrothermal vents. The vent gas-

tropod obtains many of its lipids from symbiotic chemo-

synthetic microorganisms. The major polyunsaturated fatty

acids (PUFA) both in the triacylglycerols and phospho-

lipids of the gastropod consist of a limited number of n-3

and n-6 PUFA: arachidonic acid (20:4n-6), icosapentaenoic

acid (20:5n-3), and docosapentaenoic acid (22:5n-3),

without docosahexaenoic acid (DHA, 22:6n-3). Noticeable

levels of various n-6 PUFA, such as 18:2n-6,9, 20:2n-6,9,

20:3n-6,9,12, and 20:3n-6,9,15 with significant levels of

16:1n-6 and 18:1n-6 indicate the biosynthetic characteristic

of the endosymbionts. The lack of DHA in all specimens

suggests a limitation of its lipid biosynthesis ability with its

symbionts. This finding with regard to the lipids is unusual

for a marine animal in the grazing or detrital food chain

because many marine animal lipids evidently contain high

levels of DHA with low levels of n-6 fatty acids. Such

contradictory findings lead to some new insights into the

absence of a biosynthetic pathway for DHA in I. nautilei,

and provide evidence that DHA in this species is dis-

pensable. Similar to herbivorous gastropods, the lack of

DHA with significant levels of n-6 PUFA in this species

also indicates its selective assimilation of specific

microorganisms, such as chemosynthetic bacteria in

hydrothermal vents, because significant levels of DHA

were found in carnivorous mollusk lipids.

Keywords Chemoecology � Gastropod �
Docosapentaenoic acid � Geothermal energy �
Hydrothermal vents � Marine-grazing food chain �
Polyunsaturated fatty acids � Symbiotic microorganisms

Abbreviations

ARA Arachidonic acid

DMA Dimethylacetals

DMOX 4,4-Dimethyloxazoline

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

EPA (IPA) Icosapentaenoic acid

GC–MS Gas chromatography–mass spectroscopy

MUFA Monounsaturated fatty acids

NMID Non-methylene interrupted dienes

NMR Nuclear magnetic resonance

PtdCho Phosphatidylcholine

PtdEtn Phosphatidylethanolamine

PUFA Polyunsaturated fatty acids

TAG Triacylglycerols

TFA Total fatty acids

Introduction

It is generally known that all marine animals, not only marine

fishes but also invertebrates, characteristically accumulate

various sorts of n-3 polyunsaturated fatty acids (PUFA) in

their cell membranes; in particular, docosahexaenoic acid
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(DHA, 22:6 n-3) and icosapentaenoic acid (EPA, 20:5 n-3)

are the major PUFA in their tissues [1–3]. These n-3 PUFA

are considered to originate from phytoplankton, which

depend on solar energy, and from unique deep-sea barophilic

bacteria [1, 4, 5]. It is also well-known that many marine

animals in higher trophic levels through the food web,

accumulate these long-chain PUFA [1, 6, 7]. As for the fatty

acid determination of mollusk lipids, some bivalve species

(Bivalvia), such as oysters and mussels, have been investi-

gated in detail (for oysters, Ostreidae: [8–11]; for pearl

oysters, Pteriidae: [12]; for scallops, Pectinidae: [13, 14]; for

clams, Veneridae: [15]; and for mussels, Mytilidae: [16–

18]). Nevertheless, there is relatively little information

available on the biochemical components of other mollusk

species; there are only a few reports on both lipids and the

fatty acid compositions of Gastropoda (for limpets: [19], for

abalones Haliotidae: [20]).

The deep-sea gastropod, Ifremeria nautilei (black snail),

occurs in the hydrothermal vents of the Manus Basin in the

Western Pacific Ocean [21]. Although adequate attention

has been paid to the clarification of this species’ ecological

function [22–24], the chemical components in its glycer-

olipids have yet to be rigorously elucidated [25]; in par-

ticular, a detailed analysis of its PUFA. Although the

isolation from their hosts and cultivation of symbiotic

marine microorganisms is very difficult, in particular vent

organisms, we are able to know their lipid physiology by

investigation of the host lipids, which reflect those of the

symbionts. Information on the symbionts’ lipids may be

obtained by comparative analysis of the lipid and fatty

acids in its muscles and gills, in which they specifically

have bacteriocytes. Moreover, the nutrition of the snail

mainly depends on the products of the symbionts, because

of the hosts’ reduced stomach [23–25]. To assess the tro-

phic relationships in hydrothermal vents, the lipid and fatty

acid compositions of the lipids in its various organs were

analyzed in the present study.

Materials and Methods

Materials

The samples of I. nautilei are listed in Table 1. They were

collected in the Manus Basin of the Western Pacific Ocean

at a depth of 1,668 m at 03�430S and 151�410E on 07

November 1999 (dive No. 1150 of the submersible

‘‘Shinkai 2000,’’ which belongs to the Japan Marine Sci-

ence and Technology Center). In total, ten I. nautilei

samples were obtained (Table 1; Fig. 1). In the Manus

Basin, research of the JAMSTEC has systematically been

performed for more than 10 years, and much data has been

collected on vent and seep animals. We also had a chance T
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to get some specimens of black snails at the Basin. The

snails were considered to be in the growing stage, because

we could not find any signs of maturation.

Lipid Extraction and Analysis of Lipid Classes

After 4 months of storage at -40 �C in the laboratory, all

samples of I. nautilei were dissected into three groups of

organs (gill, foot and viscera) after taking measurements, the

organs were individually immersed in a mixture of chloro-

form and methanol (2:1, vol/vol) at -25 �C for 2 days prior

to lipid extraction (Table 1). Each sample was homogenized

in the same solvent and a portion of the homogenized sample

was extracted according to the Folch procedure [26]. The

crude lipids of the organs of I. nautilei were separated into

classes on silicic acid columns (Merck and Co. Ltd., Kie-

selgel 60, 70–230 mesh), and a quantitative analysis of the

lipid constituents was performed using gravimetric analysis

of fractions collected from column chromatography [27].

The first eluate (dichloromethane/n-hexane, 2:3, v/v) was

collected as steryl esters, wax esters, and diacyl glyceryl

ethers fractions. This was followed by eluting triacylglyce-

rols (TAG) with dichloromethane and eluting the sterols with

dichloromethane/ether (35:1, v/v); eluting the diacylglyce-

rols with dichloromethane/ether (9:1, v/v); eluting the free

fatty acids with dichloromethane/methanol (9:1, v/v); elut-

ing the phosphatidylethanolamine (PtdEtn) with dichloro-

methane/methanol (1:5, v/v); eluting ceramide aminoethyl

phosphonate and other minor phospholipids with dichloro-

methane/methanol (1:20,v/v); and eluting phosphatidyl-

choline (PtdCho) with dichloromethane/methanol (1:50,

v/v). The lipid classes from each lipid fraction were identi-

fied by comparison of the retention factor (Rf) values of

standards using plate thin-layer chromatography (Merck and

Co. Ltd., Kieselgel 60, with a thickness of 0.25 mm for

analysis), and by the characteristic peaks observed in nuclear

magnetic resonance (NMR) [27]. All sample lipids were

dried under argon at room temperature and stored at -40 �C

(Table 2).

NMR Spectrometry and the Determination of Lipid

Classes

Spectra were recorded on a GSX-270 NMR spectrometer

(JEOL Co. Ltd., Tokyo, Japan) in a pulsed Fourier trans-

form mode at 270 MHz in a deuterochloroform solution

using tetramethylsilane as the internal standard [27].

Preparation of Methyl Esters and Gas–Liquid

Chromatography Analysis

The compositions of the fatty acid methyl esters were

determined by gas–liquid chromatography. Analysis was

performed on a Shimadzu GC-8A (Shimadzu Seisakusho

Co. Ltd., Kyoto, Japan) and an HP-5890 (Hewlett Packard

Co., Yokogawa Electric Corporation, Tokyo, Japan) and

both gas chromatographs were equipped with an Omega-

wax-250 fused silica capillary column (30 m 9 0.25 mm

i.d.; 0.25 lm film, Supelco Japan Co. Ltd., Tokyo, Japan).

The temperatures of the injector and the column were held at

230 and 215 �C, respectively, and the split ratio was 1:76

(FID detector at 240 �C). Helium was used as the carrier gas

at a constant inlet rate of 0.7 mL/min. In the fatty acid

compositions of PtdEtn, low levels of dimethylacetals

(DMA), such as DMA 18:0 and DMA 20:1, were included

(Table 3). The theoretical values of the fatty acid composi-

tions were obtained by subtracting the DMA from the total

fatty acids (TFA) of PtdEtn [12].

Quantitation of individual components was performed

by means of a Shimadzu Model C-R3A (Shimadzu Sei-

sakusho Co. Ltd.) and an HP ChemStation System (A. 06

revision, Yokogawa HP Co. Ltd.) electronic integrators.

Preparation of 4,4-Dimethyloxazoline Derivatives

(DMOX) and Its Analysis by Gas Chromatography–

Mass Spectrometry (GC–MS)

DMOX derivatives were prepared by adding an excess

amount of 2-amino-2-methyl- propanol to a small amount

of the fatty acid methyl esters (for example, 30 mg of the

acid methyl esters with 1 mL of 2-amino-2-methylpropa-

nol) in a test tube under an argon atmosphere. The mixture

was heated at 180 �C for 18 h. The reaction mixture was

cooled and poured into saturated brine and extracted with

Fig. 1 Photograph of the vent gastropod Ifremeria nautilei Bouchet

& Warén. Samples were collected by the submersible Shinkai 2000.

The vent snail was caught at a depth of 1,668 m at 03�430S and

151�410E in the Manus Basin of the Southwestern Pacific Ocean on

07 November 1999 (dive No. 1150 of the submersible ‘‘Shinkai
2000,’’ which belongs to the Japan Marine Science and Technology

Center). Scale shown in ‘‘cm’’
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n-hexane. Triplicate extractions with n-hexane were car-

ried out, and the extract was washed with saturated brine,

then dried over anhydrous sodium sulfate. The solvent was

removed under reduced pressure, and the samples were

again dissolved in n-hexane for analysis by GC–MS [27].

Analysis of the DMOX derivatives and the methyl

esters was performed on an HP G1800C GCD Series II

GC–MS (Hewlett Packard Co., Yokogawa Electric Cor-

poration) instrument equipped with the same capillary

column for determining the fatty acids with an HP WS (HP

Kayak XA, G1701BA version, PC workstations). The

temperatures of the injector and the column were held at

230 and 215 �C, respectively. The split ratio was 1:75, and

the ionization voltage was 70 eV. Helium was used as the

carrier gas at a constant inlet rate of 0.7 mL/min.

The fatty acid methyl esters and DMOX derivatives

were identified by comparison of the mass spectral data

obtained by GC–MS (Table 4; Figs. 2, 3, 4). For example,

the representative chromatograms of the DMOX deriva-

tives (visceral and foot TAG of specimen No. 8) are shown

in Figs. 2 and 3 plus Table 4. The MS-spectra of its DMOX

derivatives representing several major PUFA, such as two

n-3 PUFA 20:5n-3 and 22:5n-3, are displayed in Figs. 3

and 4. As presented in Fig. 3 (a representative spectrum of

20:5n-3 at 15.526 min in one peak from 15.2 to 15.7 min in

the chromatogram of visceral TAG DMOX in Fig. 2), the

MS peaks of its DMOX derivative are M?-355 and 126

(base peak), with four pairs of peaks (M-312/300, M-272/

260, M-232/220, and M-192/180) reflected by four double

bonds as D-17 (n-3), D-14 (n-6), D-11 (n-9), and D-8

(n-12), and two peaks (M-153/136) reflected by a D-5

(n-15) double bond. Similarly, for 22:5n-3 at 27.274 min in

one peak from 27.0 to 27.6 min in the chromatogram in

Fig. 2, the MS peaks of its DMOX derivative in Fig. 4 are

M?-383 and 126 (base peak), with five pairs of peaks

(M-340/328, M-300/288, M-260/248, M-220/208, and

M-180/168) reflected by five double bonds as D-19 (n-3),

D-16 (n-6), D-13 (n-9), D-10 (n-12), and D-7 (n-15).

Statistical Analyses

Ten experimental replications were completed for each

lipid class. For all samples of fatty acids analyzed by GLC,

11 to 22 replications were completed. Significant differ-

ences of the means were determined using Student’s t test

at a significance level of P \ 0.05.

Results and Discussion

Lipid Content and Lipid Classes of I. nautilei

The lipid content data of the I. nautilei samples are shown

in Table 2, together with the lipid classes. The lipidT
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content in the foot was 0.9% of the wet weight in all

samples. The mean lipid content in the foot samples was

low, while that of the others (2.2% of wet weight for the

gills and 6.0% for the viscera) was high, suggesting that

I. nautilei accumulates lipids mostly in the viscera. As

shown in Table 2, triacylglycerols (TAG, 29.3–65.1%) was

the major component in all organ lipids, with low levels of

other neutral lipids, such as wax esters, steryl esters, dia-

cylglyceryl ethers, diacylglycerols, and free fatty acids.

The gastropod contained medium levels of sterols (3.8–

17.5%) and phospholipids (PtdEtn at 9.5–24.9% of TFA

and PtdCho at 5.4–10.4% of total lipids), with small levels

of ceramide aminoethyl phosphonate (1.8–2.3% of total

lipids). Comparatively high levels of lipid content and

TAG in all organs suggests a high nutritional condition in

the hydrothermal vents and high ability of the endos-

ymbionts to produce autotrophically because the gastropod

wholly depends on thiotrophic chemoautotrophic bacteria

[23, 24]. All I. nautilei lipids mainly contained glycerol

derivatives (TAG, diacylglycerols, free fatty acids, PtdEtn,

and PtdCho) and the total proportion of these derivatives

reached about 75.5–91.5%, with low levels of other lipids

(wax esters and diacylglyceryl ethers). The lipid class of

vent gastropod I. nautilei, which contained TAG as the

major component in all organs (Table 1), differed from

those of normal gastropod species (Haliotis fulgens: [20]),

whose neutral lipid levels were very low. The foot of

normal shallow-water snails generally contains phospho-

lipids as the major components [28].

Fatty Acid Composition and Its Similarity to Depot

TAG Lipids Among All Organs of I. nautilei

The fatty acids of TAG (more than 0.3% of TFA) in all

organs (gill, viscera, and foot) are shown in Table 3.

Although the fatty acid composition of TAG slightly varied

among the three organs, the kinds of major fatty acids were

almost the same in all organs. Five dominant fatty acids

(more than about 3% of TFA) in gill TAG were found in

the samples: 16:0 and 18:0 as saturated fatty acids, 16:1n-

7(6), 18:1n-6, and 18:1n-7 as monounsaturated fatty acids

(MUFA), with significant levels (more than about 1% of

TFA) of four fatty acids: 14:0, 20:1n-7, 20:1n-13, and

22:2n-7,15. Similarly, eight dominant fatty acids in tissue

(viscera and foot) TAG were also found in all samples:

16:0 and 18:0 as saturated fatty acids, 16:1n-7(6), 18:1n-6,

18:1n-7, 20:1n-7, and 20:1n-13 as MUFA, and 20:2n-7,15

as non-methylene interrupted dienoic acid (NMID), with

significant levels of five other fatty acids: 18:1n-9, 18:2n-

8,13, 20:2n-6,13, 20:5n-3 (icosapentaenoic acid; EPA), and

22:5n-3 (docosapentaenoic acid; DPA). In the neutral lip-

ids, both in the gill and tissues (foot and viscera), unusually

high levels of total n-7 MUFA were found and this suggestsT
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bacterial contributions [22–24, 29] because high levels of

n-7 MUFA, such as vaccenic acid, 18:1n-7, were found in

sulfur-oxidizing bacteria [30, 31]. Vaccenic acid is con-

sidered to be derived from D9-desaturation before C2

elongation of 16:0, and 20:1n-13 may also be derived from

18:0 by D5-desaturation and C2 elongation, similar to the

findings previously reported [32].

Despite similar fatty acids found both in gill (bacterial)

and tissue TAG, some of the fatty acid levels in the tissue

TAG differed from those in gill TAG. In the tissue TAG,

two NMID (18:2n-8,13 and 20:2n-7,15) occurred and

higher levels of relatively longer-chain and higher-unsat-

urated acids (18:2n-8,13, 20:1n-7, 20:1n-13, 20:2n-6,13,

20:2n-7,15, and 22:2n-7,15) with lower levels of the

shorter-chain ones (14:0, 16:1n-7, 18:1n-6, and 18:1n-7)

were found, compared with those in the gill TAG. In

consideration of the first absorption of assimilated lipids in

the gill, where the symbionts specifically inhabit, these

findings suggest lipid conveyance from the gill to the tis-

sues, and enzymatic biosynthesis in I. nautilei tissues. Such

a phenomenon is probably caused by the active function of

D-5 desaturase and C2 elongase at the tissue levels [33].

Furthermore, significant levels of n-3 PUFA (2.2–2.6% for

EPA and 0.8–1.0% for n-3 DPA) were characteristically

found only in tissue TAG. The EPA and n-3 DPA in the

tissue TAG suggest that these long-chain n-3 PUFA were

concentrated or biosynthesized in the tissue TAG, similar

to other normal shallow-water gastropod tissues (Haliotis

laevigata and Haliotis rubra: [34]). At least, the mollusks

have D-5 desaturase [18, 33] and are able to synthesis a

double bond at the n-15 position in C20 fatty acids; for

example, 20:3n-6,9,15, ARA, 20:4n-3,6,9,15, EPA, and

22:4n-3,6,9,15 were considered to be derived by D-5

desaturase [33].

In the present study, the detailed fatty acid composition

of the gastropod was determined; in particular, all n-3 and

n-6 PUFA were determined [25]. The thiotrophic symbi-

onts, which mainly produced n-3 and n-6 PUFA, markedly

differed from some vent-bivalve symbionts, which bio-

synthesize only n-4 non-methylene interrupted (NMI)

PUFA [27].

Fatty Acid Composition in Tissue Phospholipids

of I. nautilei

The major fatty acid compositions in the gill, viscera, and

foot phospholipids of I. nautilei are also presented in

Table 3. The fatty acid composition in the tissue PtdEtn

included medium levels of DMA, such as DMA 18:0 and

DMA 20:1 and this finding suggests that plasmalogens-

type PtdEtn are biosynthesized in the gastropod tissue.

Table 4 Composition of DMOX and fatty acid methyl esters of

I. nautilei

DMOX (Fig. 2)

Visceral TAG

R. timea, b

(min)

14:0 2.75

14:1n-9 2.85

15:0 3.24

15:1n-8(10) 3.36

16:0 3.95

16:1n-11 4.00

16:1n-7 4.15

16:1n-6 4.19

16:1n-5 4.24

16:2n-4 4.62

17:0 4.82

17:1n-8 5.05

17:1n-6 5.17

18:0 6.09

18:1n-13 6.20

18:1n-9 6.38

18:1n-7 6.58

18:1n-6 6.64

18:2n-5(8),13 6.68

18:2n-6 7.02

18:2n-4,8

18:2n-4,7 7.42

19:1n-12

19:1n-7 8.27

20:0

20:1n-13 10.37

20:1n-10

20:1n-9 10.55

20:1n-7 10.90

20:2n-7,15 11.08

20:2n-6,13 11.17

20:2n-6 11.86

20:3n-6,9,15 12.16

20:3n-6

20:4n-6 13.09

20:4n-3

20:5n-3 15.53

22:2n-9,15

22:2n-7,15 18.97

22:3n-6,9,15 21.11

22:4n-D 22.80

22:4n-3,6,9,15 25.20

22:5n-3 27.27

All the retention times of DMOX derivatives in I. nautilei accord with

Fig. 2

a ‘‘R. time’’ means ‘‘retention time.’’
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Although the fatty acid composition of phospholipids

differed from that in TAG, the kinds of all fatty acids were

the same in all organs. In addition, significant levels of

18:2n-6 (linoleic acid) and 20:2n-6 were observed only in

the polar lipids, compared with low levels of those in TAG.

Linoleic acid was probably derived from 18:1n-6 by using

D-9 desaturase, and noticeable levels of 18:1n-6 were

found only in TAG.

Ten major fatty acids were found in all organ PtdEtn:

16:0 and 18:0 as saturated fatty acids, 16:1n-7(6), 18:1n-7,

20:1n-7, and 20:1n-13 as MUFA, 20:2n-7,15 as NMID,

20:4n-6 (arachidonic acid; ARA) as n-6 PUFA, and EPA

and n-3 DPA as n-3 PUFA, with significant levels of six

n-6 fatty acids: 18:1n-6, 18:2n-6, 20:2n-6, 20:3n-6,9,12,

20:3n-6,9,15, and 22:2n-6,9,12,15. Nine similar fatty acids

were the major components in PtdCho: 16:0 as saturated

acid, 16:1n-7(6), 18:1n-7, and 20:1n-13 as MUFA, 20:2n-7,15

as NMID, 18:2n-6 and ARA as n-6 PUFA, and EPA and

n-3 DPA as n-3 PUFA, with significant levels of 18:0,

18:1n-6, 20:1n-7, 20:2n-6, 20:3n-6,9,12, and 20:3n-6,9,15.

Although the saturated fatty acid and MUFA levels in

PtdEtn differed from those in PtdCho, the major kinds of

PUFA in PtdEtn were the same as those in PtdCho. As for

PUFA in the gastropod, three PUFA (ARA, EPA, and n-3

DPA) were the major PUFA both in PtdEtn and PtdCho,

and this phenomenon differed from that in TAG, which

contained low levels of these PUFA. In the present study, it

has been confirmed that all I. nautilei polar lipids contained

medium levels of total PUFA (21.9–28.3% for PtdEtn and

18.2–30.1% for PtdCho), which were probably concen-

trated of the tissue level. The significant PUFA levels in the

I. nautilei lipids may be influenced by the high pressures in

the deep sea, similar to those in barophilic bacteria [35,

36]. Compared with the fatty acid compositions of shallow-

water carnivorous mollusks [19, 28], high levels of 18:1n-7

and 20:1n-13 and significant levels of long-chain n-6

PUFA, such as ARA and 22:4n-6, without shorter-chain n-

3 PUFA (18:3n-3 and 18:4n-3) and DHA were only

observed in the I. nautilei lipids. In particular, the polar

lipids of I. nautilei gills contained high levels of n-6 PUFA,

while high n-3 PUFA levels were found in those of its

viscera and foot. The levels of long-chain PUFA in the I.

nautilei lipids are similar to those of some herbivorous

gastropod lipids [20, 34] because significant levels of long-

chain PUFA, such as ARA, 22:4n-6, and n-3 DPA, without

DHA, were found in both species.

Fig. 2 The chromatogram of the DMOX derivatives of the fatty acids

in I. nautilei visceral TAG (measured on 20 February 2001). Analysis

of the DMOX derivatives was performed on a HP G1800C GCD

Series II gas chromatograph mass spectrometer equipped with an

Omegawax-250 fused silica capillary column with the HP WS (HP

Kayak XA, G1701BA version, personal computer workstations). The

temperatures of the injector and the column were held at 230 and

210 �C, respectively. The split ratio was 1:75, and the ionization

voltage was 70 eV, respectively. Helium was used as the carrier gas at

a constant inlet rate of 0.7 mL/min. Each MS spectrum was obtained

by every 0.009 min; for example, a spectrum at 15.526 min (Scan No.

1505 in Fig. 3) is one of the representative spectra of EPA, because

the EPA was detected from 15.2 to 15.7 min as one peak in the

chromatogram of DMOX derivative of the I. nautilei visceral TAG

and more than 50 spectra of EPA were obtained by scanning of the

peak. Simiarly, a spectrum at 27.274 min (Scan No. 2816 in Fig. 4) is

one of the representative spectra of n-3 DPA, because the n-3 DPA

was detected from 26.9 to 27.5 min as one peak in the chromatogram

of DMOX derivative of the I. nautilei visceral TAG and more than 50

spectra of EPA were obtained by scanning of the peak
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Fig. 3 The MS peaks of the DMOX derivative of EPA are

M?-355, 340, 326, 312, 300, 286, 272, 260, 246, 232, 220, 206,

192, 180, 166, 153, 136, 126, 113 (base peak), and four pairs of

the peaks M-312 and M-300, M-272 and M-260, M-232 and

M-220, and M-192 and M-180 is, respectively, reflected by D-17

(n-3), D-14 (n-6), D-11 (n-9), and D-8 (n-12) double bonds, and a

pair of the M-153 and M-136 shows a D-5 (n-15) double bond

OH

O

 
3 (Δ17)  6 (Δ14)   9 (Δ11)  12 (Δ8)  15 (Δ5) 

Fig. 4 The MS peaks of the DMOX derivative of n-3 DPA are

M?-383, 368, 354, 340, 328, 314, 300, 288, 274, 260, 248, 234, 220,

208, 194, 180, 166, 152, 140, 126, 113 (base peak), and four pairs of

the peaks M-340 and M-328, M-300 and M-288, M-260 and M-248,

M-220 and M-208, is, respectively, reflected by D-19 (n-3), D-16

(n-6), D-13 (n-9), and D-10 (n-12) double bonds and three peaks of

M-166, M-168, and M-180 shows a D-7 (n-15) double bond

OH

O

 
3 (Δ19)  6 (Δ16)  9 (Δ13)  12 (Δ10)  15 (Δ7) 
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The profile of PUFA in all the polar lipids of I. nautilei

differed from those in other marine carnivorous gastropods

[19, 25, 28], which have high levels of n-3 PUFA (from 18

to 20 carbons) with low or trace levels of n-6 PUFA. For

example, 18:2n-6 and its various derivatives (20:2n-6,

20:3n-6, 20:3n-6,9,15, ARA and 22:4n-6) were the char-

acteristic fatty acids in all organ PtdEtn and PtdCho of

I. nautilei, similar to those in herbivorous gastropod lipids

[20, 34]. This implies a specific trophic relationship with

the symbiotic bacteria because there are no macroalga

species in the deep sea. In particular, the high levels of total

n-6 PUFA in the gill phospholipids (17.1% for PtdEtn and

19.2% for PtdCho), which may be directly influenced by

the bacterial lipids [22–25], were I. nautilei’s unusual

characteristic. The levels of total n-6 PUFA in the gill

phospholipids were significantly higher than those of total

n-3 PUFA. On the contrary, in the gastropod tissues (foot

and viscera), the levels of total n-3 PUFA (n-3 PUFA:

12.3–15.6% for PtdEtn and 9.2–15.6% for PtdCho) were

higher than those of total n-6 PUFA (n-6 PUFA: 9.5–12.4%

for PtdEtn and 8.7–14.2% for PtdCho), and this indicates

the requirement of n-3 PUFA in I. nautilei, similar to

normal gastropods and fishes. Based on the present facts,

the existence of medium levels of n-3 PUFA in the phos-

pholipids differed from those in TAG, demonstrating a

high accumulation mechanism of all PUFA in the gastro-

pod tissues [1, 12, 33]. Furthermore, in spite of the accu-

mulation of n-3 PUFA in the tissue polar lipids, the lack of

DHA in all tissues is unusual for marine animals, and such

a phenomenon points to the regulation of lipids assimilated

from the symbiotic bacteria, because it is thought that the

products of the symbionts are a major component of

I. nautilei’s diet [22–24]. The lack of DHA in all organs of

I. nautilei tissues also indicates its specific nutritional

source as being only the symbionts [23] and its incapability

to biosynthesize DHA. This speculatory remark is well

supported by some reports, in which extremely low levels

of DHA are said to be exhibited in the tissue lipids of some

herbivorous marine gastropods (DHA: 0.21% for periwin-

kle Littorina littorea, [28]; non-detectable and 0.4% for the

limpets Patella peroni and Cellana tramoserica, and 0.2–

0.9% for the chiton Ponerplax costata, [19]; 0.2–0.3% for

wild green lip abalone Haliotis laevigata and black lip

abalone Haliotis rubra, [34]; non-detectable for Haliotis

fulgens, [20]), which also feed on specific macroalgae.

These findings suggest the non-essentiality of DHA for

these mollusks [32, 37]. These herbivorous marine mol-

lusks also have limited kinds of n-6 PUFA (only 18:2n-6

and ARA) as the major acids (ARA levels: 10.6–38.8% for

the limpets Patella peroni and Cellana tramoserica, and

12.6–30.9% for the chiton Ponerplax costata, [19]; 10.7–

14.3% for wild green lip abalone Haliotis laevigata and

black lip abalone Haliotis rubra, [34]; 10.0–14.2% for

Haliotis fulgens, [20], which originate from their dietary

algae, while the symbionts may biosynthesize significant

levels of various n-6 PUFA, such as 18:2n-6, 20:2n-6,

20:3n-6, 20:3n-6,9,15, and ARA. Furthermore, the simi-

larity of the fatty acid compositions of the same snail,

which were collected from different areas, indicates its

species’ characteristic [25].

Non-essentiality of DHA in the Lipids of I. nautilei

Differing from the essentiality of n-3 PUFA for marine

fishes and shallow-water bivalves [38], I. nautilei may

accumulate n-6 PUFA as a possible substitute for n-3

PUFA in order to maintain cell membrane fluidity. It is

noteworthy that all marine animals show a tendency to

accumulate PUFA in their tissues, but differences in the

degree of accumulation of n-6 and n-3 PUFA among

mollusks species might be regulated by their food web

[12]. In connection with the role of the food web, many

pelagic fishes accumulate n-3 PUFA, such as DHA,

through the marine-grazing food chain originating from

phytoplankton having an elongation of shorter n-3 PUFA.

In general, DHA is the dominant PUFA in both the PtdEtn

and PtdCho of almost all higher trophic marine animals and

they maintain consistently high DHA levels by continuous

exploitation and its subsequent accumulation in vivo [7]. In

addition, all marine fishes require DHA as the most

important fatty acid, because it is an essential fatty acid that

they are unable to biosynthesize in vivo, which differs from

the ability of freshwater fishes [39, 40].

On the contrary, similar to the fluctuation of DHA levels

in the polar tissue lipids of P. fucata (PtdEtn; 18.4–33.2%

and PtdCho; 23.2–40.9%, [12]), the lack of DHA in the

fatty acid composition of vent bivalves [18, 27] and the

vent gastropod, I. nautilei, suggests that DHA is not

indispensable as the most important essential fatty acid for

mollusks, and they possibly contain these higher PUFA for

the maintenance of the fluidity of their cell membranes.

Thus, our findings encapsulate some typical features of the

regulation of the lipid physiology of I. nautilei, and the lack

of DHA content implies a limitation on the part of the

symbiotic organisms and the absence of a biosynthetic

pathway for DHA in this species. The lack of DHA with

significant levels of other various PUFA in I. nautilei lipids

suggests that it is unable to biosynthesize DHA, similar to

the incapability of marine fishes. With respect to the level

of PUFA, almost all marine animals mainly have n-3

PUFA as the major PUFA, while ARA is generally unde-

tectable or negligible in their lipids [1, 6, 7]. On the con-

trary, phytoplankton are often rich in both n-3 PUFA and

n-6 PUFA, therefore, significant levels of n-6 PUFA are

found in the phospholipids of their primary consumers

(e.g., sweet smelt Plecoglossus altivelis, [41]). This
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characteristic indicates that its symbionts produce various

n-6 PUFA and simultaneously have a limit for lipid bio-

synthesis of n-3 PUFA.

Biosynthesis of NMID in I. nautilei

The noticeable levels of 22:4n-6 and DPA in both tissue

lipids suggest that this snail may have the enzymes for

biosynthetic C2 elongation in its tissues, similar to the

synthetic pathway of other bivalves [15, 18, 33]. For

example, 22:4n-6, which is considered to be derived from

C2 elongation of ARA, indicates the contribution of

elongase. Furthermore, the levels of 20:2n-7,15, which is a

long-chain NMID, in the phospholipids were markedly

higher than those in TAG, with lower levels of 14:0,

16:1n-7, and 18:1n-7 in the phospholipids, compared with

the high levels of shorter MUFA in TAG. These points

imply that bacterial 16:1n-7 and 18:1n-7 are precursors for

20:2n-7,15, which is considered to be derived from D-5

desaturation and the second C2 elongation of 18:1n-7 after

the C2 elongation of 16:1n-7 also suggests the contribution

of desaturase, similar to other NMID derivatives [33].

I. nautilei may be able to biosynthetically transform shorter

MUFA to longer NMID, localizing mainly close to the

polar phospholipids [12], because specific high levels of

NMID were observed only in the polar lipids. In light of the

above discussion, it is inferred that the same physiological

elongation and desaturation mechanisms exist as in other

mollusks, such as Pinctada fucata [12]. Consequently, the

high levels of NMID in the phospholipids suggest that this

snail is able to biosynthesize only lowly unsaturated PUFA,

such as NMID at the tissue level using D5- and D9-de-

saturases, similar to other mollusk species [18, 33].
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Abstract Phytosterols are recognized as functional food

components with cholesterol reducing properties in

humans. The formation of phytosterol oligomers as a result

of the thermo-oxidative degradation of sitosterol is shown

to occur. The existence of oligomers is demonstrated by

size exclusion chromatography (SEC) and confirmed by

combined SEC-atmospheric pressure chemical ionization

mass spectrometry (SEC/APCI-MS). A speculative struc-

ture for the sitosterol dimer with 3,70 linkage is proposed

consistent with data from tandem mass spectrometry and

exact mass measurements. Higher molecular weight spe-

cies arising from the formation of trimers or higher olig-

omers are seen in the mass spectra. Fragments of sitosterol

formed by thermo-oxidative processes are also shown to

oligomerize and their common structural characteristics are

demonstrated by tandem mass spectrometry. The results

presented provide evidence for the possible formation of

oligomeric species involving sterols in addition to those

known for acylglycerides in vegetable oils subjected to

extreme oxidative stress such as in frying.

Keywords Sitosterol � Oxyphytosterols �
Thermo-oxidative degradation � Oligomers � LC/MS �
SEC � HPLC-APCI/MSMS

Abbreviations

APCI Atmospheric pressure chemical ionization

ELSD Evaporative light scattering detector

ESI Electrospray ionization

HPLC High pressure liquid chromatography

LC/MS Liquid chromatography–mass spectrometry

SEC Size exclusion chromatography

Introduction

Sterols comprise a major portion of the unsaponifiable

matter of most vegetable oils and are mainly present as

free, esterified with fatty and phenolic acids, and as

glucosides. Phytosterols similar in chemical structure to

cholesterol, are prone to oxidation particularly at elevated

temperatures as used during frying [1, 2]. Oxidative deg-

radation of phytosterols leads to the formation of oxidized

sterol derivatives, volatile flavor components and oligo-

mers [3–6]. Dutta et al. [7] studied the formation of

phytosterol oxides during potato chips and French fries

frying in different oils. Lampi et al. [8] and Soupas et al.

[9] established that the sterol structure and oil matrix are

the main factors affecting the formation of oxidative

derivatives.

The mechanism of sterol oxidation is similar to free

radical oxidation of fatty acids [10]. The initial step

involves the formation of a C-7 carbon centered radical

adjacent to the double bond at C-5 and C-6 in ring B of the
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sterol. As a result, 7-hydroperoxide epimers are formed and

due to their instability decompose to corresponding

hydroxyl derivatives [11]. Interaction of hydroperoxy rad-

icals with another sterol molecule leads to the formation of

epoxy derivatives [11]. When sterols and their oxidized

derivatives are subjected to elevated temperatures, a vari-

ety of low and high molecular weight components are

formed indicating that oxidized derivatives are precursors

and initiators [3, 11]. In sterol oligomers, monomers are

connected by bridges formed by carbon–carbon, ether, and

peroxy types of bonds [11, 12]. Dimers of steroids are

formed during metabolism and are a physiologically

important form of molecules involved in regulation and for

these compounds a variety of bonding between monomers

has been established [13]. Interest in oligomer formation in

oils has been mainly aimed at triacylglycerol polymeriza-

tion. Oligomers formed during frying in soybean oil have

been shown to contain carbon–carbon and ether type bonds

between triacylglyceride molecules [12, 14]. Triacylgly-

ceride oligomers negatively affect digestion of lipids in

experimental animals often leading to the initiation of

negative changes during the development of large intestine

cells [15].

Soupas et al. [16] demonstrated the formation of oxy-

phytosterols and oligomers of triacylglycerols during short

time pan-frying using canola oil and margarine enriched in

phytosterols and phytostanols. Even though only small

amounts of these components were formed, the data indi-

cates the formation of free radicals and the free radical

mechanism of degradation which may initiate degradation

of other lipids and the formation of detrimental compounds

[16, 17]. Rudzinska et al. [3] showed that temperature and

time are the main factors affecting the type and the

amounts of degradation products formed. At frying tem-

peratures, predominantly oligomers were formed with

limited amounts of oxidized phytosterols; this indicates

that the latter were the main precursors of all components

formed during thermo-oxidative degradation of phytoster-

ols [3].

Recently it has been established that phytosterols can be

effective in impeding atherosclerosis and hypercholester-

olemia mainly by lowering the cholesterol level in the

blood [18–20]. Oxidative instability of phytosterols, similar

to cholesterol, and formation of oxysterols may negatively

affect health due to already proven negative effects of

oxyphytosterols on some metabolic processes [21].

This study is a part of a larger program aimed at

increasing our understanding of phytosterol oxidation

chemistry. Here, we focus on the identification of oligo-

mers formed during heating of sitosterol in the presence of

sufficient amounts of oxygen. Although the literature

contains many studies showing the formation of oligomers

in oils, most rely on the use of size exclusion

chromatography with non-specific detectors such as

refractive index or evaporative light scattering detectors

and hence give little information on the molecular struc-

tures of the oligomeric products. In contrast, recent studies

have combined reversed phase chromatography to mass

spectrometry using atmospheric pressure chemical ioniza-

tion (APCI) or electrospray ionization (ESI) to study tria-

cylglyceride oligomers [22, 23]. In this way, oligomers up

to tetramers of triolein with and without additional oxygen

atoms were observed. A similar technique was applied for

the separation and identification of cholesterol and phy-

tosterol oxides [24, 25]. In this paper we present for the

first time to our knowledge, the mass spectra of phytosterol

oligomers and proposing fragmentation of these molecules.

The data presented underline the complexity of oligomeric

products formed during degradation of sterols. Although

the assignment of chemical structure remains somewhat

speculative, the level of detail provided by LC/MS exper-

iments still represents a significant advance.

Materials and Methods

Materials

b-Sitosterol was purchased from Calbiochem Brand (San

Diego, CA, USA). The supplier declared 95% purity for the

b-sitosterol, however when analyzed its composition was

as follows: 71% b-sitosterol, 19% sitostanol, 8% campes-

terol and 2% campestanol. Solvent, tetrahydrofuran (THF)

with HPLC purity was obtained from VWR (Mississauga,

ON, Canada).

Sample Preparation

The sitosterol standard (500 mg) was put into glass tubes

with a 200 mL capacity. To the tubes, 100 mL of pure

oxygen was added to prevent oxygen starvation conditions,

which usually change the mechanism of oxidation. Sam-

ples were heated at 180 �C for 24 h.

Separation of Oligomers

Oligomers were analyzed by size exclusion chromatogra-

phy (SEC) according to ISO Method 16931-2009 [26].

Separation was performed on a Finnigan Surveyor HPLC

(Thermo Electron Corporation, Waltham, MA, USA).

Components were separated on three size exclusion col-

umns coupled in series (Phenogel 500A, 100A and 50A;

5l, 300 9 4.60 mm; Phenomenex, Torrance, CA, USA).

THF was used as the mobile phase at a flow rate of 0.3 mL/

min, and column temperature of 30 �C. Sample solution in

THF of 10 lL was injected onto the columns and
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components detected with an evaporative light scattering

detector (ELSD, Sedex 75, Sedere, Alfortville, France)

operated at 30 �C with an air pressure of 2.5 bar. Fractions

of tetramers, trimers, dimers, monomer and fragmented

sterol were collected, however oligomer and fragmented

sterol fractions were contaminated because baseline sepa-

ration was impossible to achieve (Fig 1a). Collected oli-

gomer fractions were stored at -18 �C prior to LC/MS

analysis.

Identification of Polymers

All LC/MS analyses were conducted on an Agilent 1200

HPLC (Agilent Technologies; Palo Alto, CA, USA)

coupled to a QSTAR Elite mass spectrometer (Applied

Biosystems/MDS Sciex; Concord, ON, Canada) using an

atmospheric pressure chemical ionization (APCI) in posi-

tive ion mode. Analyst QS 2.0 software was employed for

data acquisition and analysis. Two size exclusion columns

(Phenogel 100Å, 5 lm, 4.6 mm 9 250 mm, Phenomenex,

Torrance, CA, USA) connected in series were used with

THF as mobile phase in isocratic mode with a flow rate of

0.2 mL/min.

The mass spectra were acquired over the mass range of

m/z 100–2,000. The APCI probe was kept at 370 �C. The

other instrumental conditions were as follows (nitrogen gas

flow rates are given in arbitrary units assigned by the

Analyst QS2.0 software) curtain gas 30; auxiliary gas 6;

nebulizing gas 75; discharge needle current 2 lA. The

declustering potential (DP), focus potential (FP), and DP2

were 30 V, 120 V and 5 V, respectively. All mass spectra

were recorded using the high resolution time-of-flight mass

analyzer providing mass accuracies below 5 mDa over the

range of m/z reported here. In the interests of clarity, all m/z

values in the figures are reported as nominal values or

rounded to one decimal place. All elemental compositions

reported in the text and schemes are the most probable

matches within the expected m/z range and wherever

possible are confirmed by multiple experiments.

Results and Discussion

The sitosterol standard was heated at 180 �C for 24 h and

Fig. 1a shows the SEC chromatogram of the products

formed using ELSD (3). We were able to separate five

groups of components differentiated by molecular size,

where the monomer dominated. Dimers, trimers and tet-

ramers were separated from monomer, however, these

groups overlap. The amount of oligomers increased as time

increased during heating at 180 �C (3). We reported earlier

that oligomers were formed at 120 �C in a similar way to

those formed at 180 �C but with lower abundance and

largely without the formation of fragmented sterols (FSs).

In contrast, at 60 �C there was little or no oligomer

formation (3).

The five fractions identified in Fig. 1a were collected

from SEC runs in a semi-preparative mode and compo-

nents were identified by combined SEC/APCI-MS. In

Fig. 1b the combined total ion chromatograms of these

fractions are presented. It should be noted that the ELSD

detects all non-volatile compounds that are nebulized to

aerosol particles, whereas LC/MS requires molecules to be

first converted to ions in the gas phase. For APCI, this

results in considerable discrimination against molecules

due to high molecular weight, volatility, thermal stability,

polarity etc. Hence, for example, the distinct trimer peak

seen in the SEC/ELSD trace (Fig. 1a) is not seen in the

corresponding trimer fraction by SEC/APCI-MS (Fig. 1b)

due to the low response to this high molecular weight

compound. Nonetheless, qualitatively at least, it can be
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Fig. 1 a SEC-ELSD chromatogram of sitosterol thermo-oxidative

degradation products formed during heating at 180 �C for 24 h

showing times for collected fractions I to V; b SEC-APCI/MS total

ion current (TIC) chromatograms of the five fractions collected in the

SEC separation shown in a. For details see ‘‘Methods’’
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seen that the dimer and trimer fractions do show earlier

eluting peaks in the SEC traces (Fig. 1b) compared to the

monomer.

Sterol Monomer Fraction

The monomer peak collected after heating at 180 �C for

24 h was analysed by combined SEC-APCI/MS as shown

in Fig. 2. Surprisingly, the expected MH? at m/z 415 for

the sitosterol was not observed in this fraction. As we have

established already, under the conditions applied all sterols

present in the standard mixture were oxidized and trans-

formed into variety of the degradation products (3). An

extracted total ion chromatogram (TIC) of low abundance

ion at m/z 415 is shown in Fig. 2a but from the exact mass

it was clear that this has elemental composition of

C28H47O2 rather than C29H51O as expected for the MH?

ion of sitosterol. This was consistent with the MSMS

spectrum of m/z 415 which showed losses of two water

molecules, confirming the presence of two oxygen atoms in

the structure. Furthermore, the APCI spectrum of sitosterol

gave a base peak at m/z 397 (i.e. [M ? H-H20]?, C29H49)

not observed in Fig. 2. Thus, the monomer fraction likely

contains largely oxidized sterols. This can be seen in

Fig. 2b where the major species at m/z 429 was found to

have an elemental composition of C29H49O2 and the

presence of two oxygen atoms is also confirmed by losses

of the two water molecules observed in the MSMS spec-

trum (not shown) giving fragment ions at m/z 411 and 393.

In addition, in the MSMS spectrum of m/z 429 a fragment

ion at m/z 175, confirmed as C12H15O was observed,

consistent with fragmentation across the C ring of the

mono-oxygenated form of the basic sitosterol structure

(Scheme 1). A further fragment in the MSMS spectrum at

m/z 253 has an elemental composition of C19H25 which is

due to loss of two water molecules and the side chain

(Scheme 1). Thus, the major component of the monomer

fraction is confirmed to be a mono-oxygenated sitosterol;
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Fig. 2 SEC-APCI/MS

extracted ion chromatograms

a and mass spectra b, c of the

monomer fraction. For details

see text
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whether this additional oxygen is added to the ring struc-

ture or side chain or exists as hydroperoxide cannot be

determined from this experiment.

Figure 2c also indicates the presence of a compound at

m/z 413 with elemental composition C29H49O eluting at

30.3 min. This compound has a molecular formula con-

sistent with an additional double bond compared to sitos-

terol. The MS/MS spectrum of this compound shows a

fragment ion at m/z 255 with an elemental composition of

C19H27 which is an unsaturated steroid ring system. Also

seen in Fig. 2c is a lower intensity ion at m/z 411 whose

MSMS spectrum shows a fragment ion at m/z 253 indi-

cating further ring unsaturation.

Note that the sterol standard used in these experiments

contained 71% b-sitosterol, 19% sitostanol, 8% campes-

terol and 2% campestanol which further complicates

interpretation of the mass spectra of monomers. Overall,

fragmentation of monomer ions indicates the presence of

two oxygen molecules, indicative of sterol oxides. Kemmo

et al. [24, 25] also established similar fragmentation and

type of ions during the analysis of different types of sterol

oxides.

Fragmented Sterol Fraction

It is clear that the component of the thermo-oxidative

degradation that represents FSs cannot be fully resolved

from the monomers (Fig. 1). Thus, as expected the frag-

mented monomer fraction obtained still contains a large

amount of monomers as seen by the SEC-APCI/MS trace

(Fig. 3). In Fig. 3, the two mass spectra presented are the

background subtracted spectra averaged across the two

marked retention time periods 1 and 2. In period 1, a large

number of species are seen not only in the mass region of

m/z 390–420 expected for altered and unaltered sterol

monomers. In fact, compounds with m/z range extending to

*700 are evident as well as the expected lower molecular

weight fragments. It is difficult to interpret all of these

species, but an illustration of the chemistry occurring is

found in period 2, whose components actually overlap

period 1 and beyond. Two major ions are seen in period 2,

namely m/z 413 and 457. The former ion has been

described above as the dominant species in the monomer

fraction. An extracted total ion chromatogram of ions with

m/z 457 is seen in Fig. 4a. Surprisingly, this ion was found

to have likely elemental composition of C24H41O8 con-

taining an apparently disproportionate number of oxygen

atoms. The MSMS spectrum of these species is shown in

Fig. 4c which suggests that m/z 457 might be the proton-

ated dimer of m/z 228 since the latter ion has an elemental

composition of C12H21O4. Further investigation of the FS

fraction for higher oligomers revealed the presence of these

FS trimer and tetramer ions at m/z 685 and 913, respec-

tively. It should be pointed out that these ions are not

cluster ions formed in the ion source of the mass spec-

trometer since they are separated chromatographically as

the distinct compounds in the mass chromatograms shown

in Fig. 4a. The FS monomers (not shown) were present at

OH

CH3

CH3

CH3

CH3

CH3

CH3

A B

C D

+O

MS/M
S

-H 2
O

MS/M
S

-2H 2
O

m/z 175

m/z 253

Scheme 1 The proposed MS/MS fragmentation for oxidized sterol

molecule at m/z 429 (C29H49O2)

Fig. 3 SEC-APCI/MS total ion current chromatogram and back-

ground subtracted mass spectra of components present in portion 1

and 2 of the ‘‘fragmented’’ monomer fraction. For details see text
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very low intensity which could be due to their reactivity,

the fractionation procedure, or both.

The MSMS spectrum of the FS trimer with elemental

composition of C36H61O12 is given in Fig. 4b. The pro-

tonated FS monomer and FS dimer peaks can be seen at m/z

229 and 457, respectively and the similarities between the

MSMS spectra of FS dimer and FS trimer are clearly seen

(Fig. 4b and c). Scheme 2 gives a possible rationalization of

the formation of these FS oligomeric compounds based on

the sitosterol structure. The nature of the oxygenated FS

monomer must at this point remain highly speculative. It is

believed that sterol oxidation is initiated by abstraction of a

hydrogen atom to generate a free radical, which in turn

reacts with oxygen forming next generation of radicals

and sterol 7-hydroperoxides [11, 24]. It seems likely that the

A/B sterol rings are involved in forming the monomer and

that reactive hydroperoxy radicals would be involved in

further reactions to give oligomers and other products. The

position(s) of oxygen atoms cannot be determined from the

MSMS spectra and hence are not located in Scheme 2.

However, common neutral losses of 100, 118, 128 and 146

fragments are seen from each FS oligomer and additionally

the protonated forms of these neutrals (i.e m/z 101,119, 129

and 147) were seen in MSMS spectra (not shown in Fig. 4).

The elemental compositions indicate that the fragment ions

due to loss of 100 Da retain three of the four oxygen atoms

present in the monomer and this is indicated by their loca-

tion on ring B in Scheme 2 whilst the original sitosterol

hydroxyl group is left unchanged. However, many other

arrangements are possible.

Time, min
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m/z 457
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211.1

329.2
357.2 667.4585.3

649.4557.4339.2
311.2 567.3421.3
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200 300 400 500 600 700

x 2.0

211.1

229.1
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m/z

B
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Fig. 4 a SEC-APCI/MS

extracted ion chromatograms

and b, c MS/MS spectra of the

components present in the

fragmented monomer fraction.

For details see text
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Sterol Dimer Fraction

It can be seen from Fig. 1a that the intact sterol dimer

fraction is relatively small compared to the sterol monomer

fraction. Furthermore, the dimer peak is not completely

separated from either monomer or trimer peaks. Thus, it is

not surprising that the SEC-APCI/MS total ion chromato-

gram of the sterol dimer fraction shows presence of other

components. These peaks can be further resolved by con-

sidering extracted ion chromatograms based on the

following m/z ranges 350–450, 450–900 and 950–1,500

corresponding to sterol monomers, dimers and trimers

(Fig. 5). The extracted ion chromatogram for the monomer

m/z range is comprised of two major peaks; the one at

longer retention time (*29 min) corresponds to the major

monomer component, as seen in Figs. 1 and 2, whilst

the peak at shorter retention time (*27 min) is also seen in

the sterol dimer m/z range trace below it in Fig. 5. The

extracted ion chromatogram for the sterol trimer m/z range

shows a single major component at the expected high

molecular size end of the chromatogram (i.e shorter

retention time on SEC). The corresponding peak seen in

CH3

CH3CH3

CH3

CH3

OH

CH3

CH3

CH3CH3

CH3

CH3

OH O OH

CH3

Heat
O2

Sterol Oxides Sterol Dimers
Trimers, Tetramers

Heat
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CH3
CH3 +3O

Fragmented Sterols
Oligomers of 

Fragmented Sterols

eg. Monomer m/z 229

[C12H20O4 + H]+

MS/MS Fragmentation Observed

[C6H8O3  + H]+ (-100)             [C6H8O2 + H]+ (-118)
-H2O- Ring A

- Ring B
[C6H12O  + H]+ (-128)             [C6H10 + H]+ (-146)

-H2O

A B

Scheme 2 Formation of sterol

oxides, oligomers, sterol

fragments and oligomers of

sterol fragments. A speculative

structure of an observed

fragmented sterol monomer and

MS/MS data is included. The

elemental compositions are

based on measured exact masses

but the location of the oxygen

atoms cannot be determined

TIC

m/z 350-450
Monomer

m/z 450-900
Dimer

20.0 25.0 30.0

Time, min

m/z 950-1500
Trimer

Fig. 5 SEC-APCI/MS total ion current (TIC) and extracted ion

chromatograms of the sterol dimer fraction formed during heating

sitosterol at 180 �C for 24 h. See text for details
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the sterol dimer m/z range trace above it in Fig. 5 is most

likely due to ion source fragmentation of sterol trimer ions

under APCI conditions, although the presence of molecular

species in this m/z range cannot be ruled out.

In Fig. 6, mass spectra are presented which were

obtained by averaging across each of the four partially

resolved peaks (labelled A to D) in the total ion chro-

matogram of the sterol dimer fraction. The mass spectrum

of peak D is dominated by m/z 457 which is formed as a

result of thermo-oxidative fragmentation followed by

dimerization as described above for the FS fraction; in peak

C m/z 685 is the FS trimer. Peak B contains a wide range of

species in the m/z 800–900 which correspond to oxidized

sterol dimers. The dominant fragment ion at m/z 395

(C29H47) is characteristic of the dehydrated form of the

sitosterol monomer and the most abundant dimer ion at m/z

825 (C58H97O2) could be a dimer of two sterol molecules.

Scheme 3 shows a putative structure where a 3-, 70- ether

bridge links an oxidized sitosterol monomer to a second

sitosterol molecule in its dehydrated form. Clear evidence

exists for preferential oxidation of sterols at the 7 position

[8, 24, 25]. The MSMS spectrum of this sterol dimer shows

the major loss of a water molecule (minor loss of two

waters) and an abundant fragment ion at m/z 395, as also

seen in the mass spectrum. Minor peaks at m/z 411 and

413, also significant fragment ions in the mass spectrum,

may reflect fragmentation across the bridging ether group

as suggested in Scheme 3.

In addition to the most abundant ion at m/z 825, many

other dimeric species are present in peak B within m/z 800

and 960 (Fig. 6b) mainly containing either two or four

oxygen atoms. Thus, although the present data is inade-

quate to deduce definitive structures, it nonetheless pro-

vides clear proof for the formation of sterol dimers under

thermo-oxidative conditions, consistent with the prediction

from the SEC chromatograms (Fig. 1a). Furthermore, the

data confirms that oxidized derivatives are the main

precursor in oligomer formation. The spectrum of peak A is

dominated by an oligomer of m/z 955 of unknown structure

and an ion at m/z 551 (C35H67O4) (Fig. 6a). Ions of m/z

intermediate between those expected for sterol dimers and

trimers including the dominant ion of m/z 955 may be

formed by reactions between oxidized fragments and sterol

monomers and dimers. In fact, many dimers might be

formed considering the many possibilities for connecting

bridges, particularly among phytosterols where there are

additional tertiary and quaternary carbons in the side chain

structure. However, it is also possible that ions such as m/z

955 are actually fragment ions of sterol trimers formed in

the mass spectrometer ion-source.

Sterol Trimer Fraction

The SEC-APCI/MS extracted ion chromatograms for the

trimer fraction is shown in Fig. 7 using the same m/z ranges

as used in Fig. 5. Despite the fact that total ion trace shows

little response at the retention times corresponding to tri-

mers (earlier than about 26.5 min), compounds with

m/z [ 950 were detected, thus demonstrating the existence

of trimers. The low signal-to-noise that is evident in the

chromatogram makes it apparent that APCI is not ideal for

the analysis of these compounds. However, the ions with

m/z above those expected for dimers can be observed, as in

Fig. 6 peak A, and can be tentatively interpreted as ions

formed from the fragmentation of trimer ions. The oligo-

mers with the highest molecular weight, tetramers, were
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Scheme 3 The proposed structure and potential MS/MS fragmenta-

tion of the sterol dimer with m/z 825
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Fig. 7 SEC-APCI/MS TIC and extracted ion chromatograms of the

sterol trimer fraction formed during heating sitosterol at 180 �C for

24 h. For details see text
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detected using an ELSD (Fig. 1a) but intact tetramers could

not be detected by APCI/MS. Future work will therefore

look at alternative ionization methods more suitable for the

study of labile high molecular weight species.

In conclusion, the above work demonstrates the ability

of phytosterols to form oligomeric structures when heated

in the presence of oxygen for prolonged time, as occurs

during frying. Further work is required to understand the

mechanism of oligomer formation and the effect of oil

matrixes. The formation of oxidative derivatives of sterols

and their subsequent interactions with sterols and triacyl-

glycerides is clearly of importance in food processing.

Assessment of any biological activity of phytosterol olig-

omers and oxidized derivatives needs to be considered

especially due to the recent trend of enriching foods with

phytosterols.
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Abstract Near-infrared (NIR) spectroscopy was evalu-

ated as a rapid method of predicting arachidonic acid

content in powdered oil without the need for oil extraction.

NIR spectra of powdered oil samples were obtained with

an NIR spectrometer and correlated with arachidonic acid

content determined by a modification of the AOCS

Method. Partial Least-Squares regression was applied to

calculate models for the prediction of arachidonic acid. The

model developed with the raw spectra had the best per-

formance in cross-validation (n = 72) and validation

(n = 21) with a correlation coefficient of 0.965, and the

root mean square error of cross-validation and prediction

were both 0.50. The results show that NIR, a well-estab-

lished and widely applied technique, can be applied to

determine the arachidonic acid content in powdered oil.

Keywords Arachidonic acid � Near-infrared

spectroscopy � Partial least-squares regression

Abbreviations

NIR Near-infrared

ARA Arachidonic acid

PUFA Polyunsaturated fatty acids

FAMEs Fatty acid methyl esters

FID Flame ionization detector

SNV Standard normal variate

MSC Multiplicative scatter correction

WT Wavelet transforms

OSC Orthogonal signal correction

PLS Partial Least-Squares

RMSEC Root mean square error of calibration

RMSECV Root mean square error of cross-validation

RMSEP Root mean square error of prediction

Introduction

Arachidonic acid (ARA, C20:4, n-6), one of the members

of the n-6 fatty acid family, is an important structural

component of the central nervous system. The content of

ARA present in brain and nerve tissue is 40–50% of the

polyunsaturated fatty acids (PUFA), and it even reaches

70% in nerve endings. Many studies have shown the pre-

natal and postnatal importance of ARA in early human

(brain) development [1–3]. Though ARA can be synthe-

sized by linoleic acid in vivo through chain elongation and

desaturation, the process is quite complicated, which not

only needs sufficient substrate and positive equilibrium

energy condition but also enough activity of fatty acid

desaturases. Early studies have shown that the ARA status

of bottle-feeding infants is lower than that of breast-feeding

infants [4–6]. So the addition of ARA in the form of

powdered oil to infant formula milk powder is widely

accepted nowadays.
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An adequate amount of ARA in newborn nutrition is

important, as the investigation results indicated that the

average content of ARA in human milk is 0.5–0.7% in

different places across the world [7]. Determination of

ARA is usually carried out according to the official method

by gas chromatography with a flame ionization detector,

which is time-consuming, expensive and labor-intensive

when used to monitor industrial processes. Therefore, a

rapid, simple and accurate method is in great demand to

evaluate the ARA content in powdered oil.

Near-infrared (NIR) spectroscopy has proved to be a

valid analytical tool for food products [8]. Several refer-

ences of the use of NIR spectroscopy to construct models

evaluating components content were found in the literature.

For example, it has been employed to analyze fat content in

milk powder [9], to estimate fatty acid content in intact

seeds of oilseed [10], to evaluate carotenoids content in

maize [11], and a-tocopherol in vegetable oils [12]. How-

ever, none of these was related to new technique products,

such as powdered oil.

The main objective of this work was to construct a

model based on FT-NIR spectroscopy, in combination with

multivariate calibration methodologies to predict the ARA

content in powdered oil.

Materials and Methods

Reagents

All reagents were of analytical grade and absolute n-hex-

ane was of chromatographic grade. Standard methyl

arachidonate was purchased from Sigma-Aldrich Co. (St.

Louis, MO). Standard solutions of methyl arachidonate

were prepared in absolute n-hexane and stored at 4 �C

before analysis.

Samples Preparation

ARA oil was used to prepare unknown samples with

different ARA concentrations as weight percentages. By

a spray drying process, one hundred (n = 100) powdered

oil samples were manufactured with ARA oil concen-

trations ranging from 10 to 34% to represent the diver-

sity of commercially available powdered oils. All the

samples were stored at room temperature (20 �C) in the

dark.

Reference Methods

Total fat and fatty acid methyl esters content were mea-

sured using Rose-Gottlieb and AOCS Method with a

modification [13]. The modification was a change in GC

temperature programming (described later). Briefly, 1.0 g

of sample was weighed into a Mojonnier tube, and 0.1 g

Taka amylase and 10 mL distilled water at about 50 �C

were added. The sample was treated with ammonia–alco-

hol in a water bath (65 �C) for 15 min, and subsequently

extracted with diethyl and petroleum ethers. The diethyl

and petroleum ethers were evaporated over a steam bath,

and the extracts were the total fat. The method [14] for the

preparation of fatty acid methyl esters (FAMEs) was as

follows: 10 mg extracted oil (accurate to 0.1 mg) was

accurately weighed into a stoppered-glass tube, 2 mL of

hexane added, followed by adding 1 mL of 2 mol/L

potassium hydroxide in methanol, and then, the tube was

closed and shaken well for 2 min. After 30 min, the upper

layer was transferred to a test tube, followed by adding a

small amount of anhydrous sodium sulfate to remove

excessive moisture, and then the dry hexane solution was

transferred to a 1.5-mL glass vial for the following

analysis.

FAMEs analysis was performed on an Agilent 6890N

gas chromatograph equipped with a flame ionization

detector (FID) and an Agilent autosampler 7683-B

injector (Agilent Technologies, Little Fall, NY, USA). A

fused-silica capillary column CP Sil-88 (100 m 9

0.25 mm id., 0.20 lm film thickness, Varian Inc.) was

used for the separation of fatty acid methyl esters. Hydro-

gen was the carrier gas with a flow rate of 1.8 mL/min.

The temperature of the injector and detector was set at

250 �C with an injection volume of 1.0 lL by using the

splitless mode. The analysis was carried out using a

temperature programming consisting of an initial tem-

perature 45 �C (held 4 min), ramp 13 �C/min to 175 �C

(held 27 min), ramp 4 �C/min to 215 �C final temperature

(held 25 min). A standard curve was calibrated by a series

of methyl arachidonate samples with the concentrations of

0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 4.0 mg/mL, respectively.

The ARA in the analyzed oil samples was identified by

comparing the retention times with the standard. Quanti-

fication of ARA was performed using the external cali-

bration curve.

FT-NIR Instrumentation and Spectral Collection

The NIR spectra were measured on a Nicolet 5700 spec-

trometer using a Baseline
TM

Diffuse Reflectance Accessory

and an InGaAs detector (Madison, USA).

NIR absorbance spectra were registered in the range of

4,000–10,000 cm-1 with a 16 cm-1 resolution and 64

scans. Gain was selected automatically. Happ–Genzel

apodization was applied, mode zero filling was disabled,

and the interferometer mirror speed was set at 1.5798 cm/s.

About 1 g of the sample in powder form was densely

packed in a glass sample vial (2 cm in diameter and
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1.2 mm in wall thickness). The background spectrum was

recorded every 4 h while each sample underwent four

replications and the spectra were averaged before they

were subjected to multivariate analysis. All spectra were

collected by OMNIC 7.0 software and recorded as log

(1/R), where R is the relative reflectance.

Data Processing and Development of the Calibration

Model

The data acquired from the NIR spectrometer contain

noises in addition to sample information. In order to

obtain reliable, accurate and stable calibration models, it

is necessary to pre-process spectral data before modeling.

At present, there are many pre-processing methods, such

as smoothing, derivative, standard normal variate (SNV),

multiplicative scatter correction (MSC) and some new

methods including wavelet transforms (WT) and orthog-

onal signal correction (OSC) [15, 16]. Smoothing that

includes Savitzky–Golay smoothing is one of the meth-

ods often used to eliminate noises [17]; the first and

second derivatives are used to remove background and

increase spectral resolution. SNV removes the multipli-

cative interferences of scatter, particle size, and the

change of light distance as well as MSC [18, 19]. It

corrects both multiplicative and additive scatter effects.

In this study, five data pre-processing methods were

applied comparatively, which were SNV, MSC, first

derivative, second derivative and Savitzky–Golay

smoothing.

Calibration models between chemical data (data from

gas chromatography) and NIR spectra were developed

using Partial Least-Squares (PLS) regression with cross-

validation in the TQ analyst 7.1.0 software package

(Thermo-Nicolet). The data set was split randomly into a

training (n = 75) and a validation set (n = 25). The opti-

mum number of PLS factors in the calibration models was

determined by cross-validation and defined by the PRESS

function (predicted residual error sum of squares) in order

to avoid overfitting of the models [20]. The relative per-

formance of the established model was assessed by the

required number of factors while the root mean square

error of calibration (RMSEC), the root mean square error

of cross-validation (RMSECV), and its predictive ability

were evaluated from the root mean square error of pre-

diction (RMSEP). The spectral regions used for PLS

models were selected automatically.

In addition to these statistics, the importance of cali-

bration outliers must be considered. The spectrum outlier

diagnostic finds the spectra of the standards which are most

unlike the others, and the Chauvenet test was used to

decide whether the difference is significant. If the standard

fails the test, it is considered an outlier.

Results and Discussion

Reference Method Measurement of ARA

Figure 1 shows the GC chromatograms of the standard and

a sample, which were used to identify and quantify the

contents of ARA in our samples. The standard curve is

shown in Fig. 2 with the equation Y = 6978.8X ? 320.71

(R2 = 0.9997). The accuracy, precision and detection limit

of the laboratory using the modified AOCS Method is

90.2–101.4%, 0.8% and 0.25 mg/L, respectively.

Range, mean value, and standard deviation for ARA

content in the samples are given in Table 1 for the cali-

bration and validation data sets.

Spectral Characteristics

Representative NIR spectra of powdered oil samples are

shown in Fig. 3 as raw spectra (Fig. 3a) and spectra treated

with first derivative processing (Fig. 3b). As shown in

Fig. 3, the main absorption peaks of the samples were

observed in the range of 4,000–6,000 cm-1 instead of the

whole NIR region. The regions we chose to develop

models were suggested by the software automatically,

which are 4,250–4,358 cm-1 (A), 5,723–5,881 cm-1 (B),

respectively. Region A is characteristic of the combination

of C–H stretching vibration with bending vibration mode

of -CH3 and -CH2. The spectrum of region B is char-

acteristic of the first overtone of the C–H stretching

vibration of -CH3 and -CH = CH- groups [21].

NIR Models

The outliers should be eliminated as an essential step in the

optimization procedure of the models already developed.

During the calibration development, seven spectral outliers

were detected. Table 2 shows the statistics of the NIR

spectral data for predicting ARA in powdered oil samples

after the outlier samples elimination. The data confirm that

the spectral allows the creation of a calibration set which

represents the usual variability encountered by powdered

oil.

PLS models were developed using five spectral pre-

treatments based on the selected 93 NIR spectra of the

powdered oil samples. The prediction capability was

evaluated by correlation coefficient (r), RMSEC and

RMSECV. It is expected to have ideal models with the

lower RMSEC and RMSECV as well as the higher corre-

lation coefficient r. Different latent variables were applied

to build the calibration models and the optimum number of

factors was selected by the PRESS diagnostic shown in

Fig. 4. The results of different spectral pretreatment

models are shown in Table 3.

Lipids (2010) 45:559–565 561

123



Figure 4 shows that the RMSECV decreases sharply

with the first two factors and gradually decreases as the

third variable is incorporated into the calibration model. As

the number of factors increases further, RMSECV begins

to increase at 4 PLS factors. An increase in the RMSECV

indicates that the data have been overfitted by incorporat-

ing spectral information into the model that is not related to

ARA. In this case, 3 PLS factors were chosen as the

optimum.

The model developed with the raw spectra had the best

performance in cross-validation (n = 72) and validation

(n = 21) with RMSECV of 0.50, correlation coefficient of

0.965, RMSEP of 0.50 (Table 3 and Fig. 5). The models

developed with various pretreatments such as derivative,

smoothing, SNV, MSC and the combination of these pre-

treatments decrease the modeling effect, and it may be

because of the useless information they introduced due to

their own characteristics. Just as the first and second

derivatives are used to remove background and increase

spectral resolution, the drawback of derivative is that it

would bring noises [22]. Or some useful information was

smoothed out when use Savitzky–Golay smoothing to

eliminate noises, which might cause distortion of spectral

signals. Another possible explanation for this can be that

pretreatments affect the information distribution, while the

spectral regions used to build models with different pre-

treatments were the regions chose by original spectra,

which lead to unsatisfactory treatment effects. Thus, it is

necessary to choose appropriate data pretreatment to build
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Fig. 2 The standard curve of methyl arachidonate

Table 1 Range, mean value and standard deviation of reference

method measured AA content for powdered oil samples in the PLS

calibration and validation data sets

Calibration Validation

n Range (%) Mean

(%)

SD

(%)

n Range (%) Mean

(%)

SD

(%)

75 3.88–11.05 7.91 1.90 25 5.15–11.09 8.07 2.02

n number of samples, SD standard deviation
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the calibration model based on the detection objective and

instrument function.

The satisfied calibration and prediction result of the PLS

model show the feasibility for the measurement of ARA

content in powdered oil using NIR spectra. Moreover, the

algorithm used for developing calibration equations (PLS)

allows one to optimize the number of factors to avoid

overfitting.

The present study has provided a rapid determination

method for ARA content in powdered oil. The results

indicate that the determination of ARA content in pow-

dered oil could be successfully performed through NIR

spectroscopy combined with chemometrics methods of the

PLS model. Five spectral pretreatments methods, SNV,

MSC, first derivative, second derivative and Savitzky–

Golay smoothing were used. The spectral regions used for

ARA analysis in powdered oil were selected by software

automatically. The model using raw spectra achieve higher

accuracy compared to other pretreatments. This nonde-

structive method could greatly simplify the analysis of such

compounds, because no extraction step with organic sol-

vents is required and samples are readily analyzed in

minutes. Further selection of valuable information of

Fig. 3 NIR spectra of 100

representative powdered oil

samples showing a raw spectra

and b spectra after first-

derivative processing

Table 2 The statistics of the samples in the PLS calibration and

validation data sets after the outlier samples elimination

Calibration Validation

n Range

(%)

Mean

(%)

SD

(%)

n Range

(%)

Mean

(%)

SD

(%)

72 4.01–11.05 7.80 1.95 21 5.15–11.09 8.11 2.0

Fig. 4 The PRESS diagnostic results for PLS calibration model
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spectral data and an explanation of the result would be

needed to improve the model generalization and stability.
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Abstract Unique among the intracellular lipid binding

proteins, acyl-CoA binding protein (ACBP) exclusively

binds long-chain fatty acyl-CoAs (LCFA-CoAs). To test if

ACBP is an essential protein in mammals, the ACBP gene

was ablated by homologous recombination in mice. While

ACBP heterozygotes appeared phenotypically normal,

intercrossing of the heterozygotes did not produce any live

homozygous deficient (null) ACBP(-/-) pups. Heterozygous

and wild type embryos were detected at all post-implantation

stages, but no homozygous ACBP-null embryos were

obtained—suggesting that an embryonic lethality occurred

at a pre-implantation stage of development, or that embryos

never formed. While ACBP-null embryos were not detected

at any blastocyst stage, ACBP-null embryos were detected at

the morula (8-cell), cleavage (2-cell), and zygote (1-cell)

pre-implantation stages. Two other LCFA-CoA binding

proteins, sterol carrier protein-2 (SCP-2) and sterol carrier

protein-x (SCP-x) were significantly upregulated at these

stages. These findings demonstrate for the first time that

ACBP is an essential protein required for embryonic devel-

opment and its loss of function may be initially compensated

by concomitant upregulation of two other LCFA-CoA

binding proteins, but only at the earliest pre-implantation

stages. The fact that ACBP is the first known intracellular

lipid binding protein whose deletion results in embryonic

lethality suggests its vital importance in mammals.

Keywords ACBP � DBI � Gene targeting �
Pre-implantation embryonic lethality

Abbreviations

ACAC Acetyl CoA carboxylase

ACBP Acyl-CoA binding protein

CAPN2 m-calpain

CoA Coenzyme A

DBI Diazepam binding inhibitor protein

FASN Fatty acid synthase

L-FABP Liver fatty acid binding protein

LCFA-CoA Long-chain fatty acyl-CoA

PCR Polymerase chain reaction

PPARa Peroxisome proliferator-activated receptor-a
PPARc Peroxisome proliferator-activated receptor-c
SCP-2 Sterol carrier protein-2

SCP-x Sterol carrier protein-x

SREBP Sterol regulatory element binding protein

Introduction

Acyl-CoA binding protein (ACBP), also known as diaze-

pam-binding inhibitor (DBI), is a soluble 10-kDa lipid-

binding protein ubiquitously expressed in all tissues of

eukaryotic species examined [1, 2]. ACBP expression

differs significantly among cell types and is highly regu-

lated by hormones (insulin, androgens). Via the ACBP
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promoter, ACBP expression is also determined by several

nuclear transcription factors important in lipid and glucose

metabolism: peroxisome proliferator-activated receptors

(PPARs) -a and -c as well as sterol regulatory element

binding protein (SREBP) [3–7]. Unique among the intra-

cellular lipid protein families, ACBP exhibits very high

affinity (\10 nM Kds) and specificity exclusively for long-

chain fatty acyl-CoAs (LCFA-CoAs) [8, 9]. LCFA-CoAs

are potent regulators of a wide variety of enzymes, sig-

naling receptors, and nuclear regulatory proteins involved

in fatty acid and glucose metabolism [1, 10, 11]. In vivo,

pancreatic insulin secretion is affected by LCFA-CoA and

ACBP levels as well as by glucose [12–14]. Most impor-

tant, the key enzymes in de novo fatty acid synthesis

(ACAC, acetyl CoA carboxylase; FASN, fatty acid syn-

thase) are inhibited by the LCFA-CoA end product

(Ki \ 50 nM) [10, 15]. By binding LCFA-CoA, ACBP

removes this end-product inhibition to stimulate ACAC

and FAS [10, 15]. Likewise, by binding and reducing the

unbound levels of LCFA-CoAs, ACBP plays important

roles not only in normal regulation of LCFA-CoA trans-

port, metabolism, signaling, vesicular trafficking, and

nuclear regulation, but also in opposing the deleterious

effects of elevated intracellular LCFA-CoA levels associ-

ated with diabetes and obesity [10, 13]. The physiological

relevance of ACBP is supported mainly by studies of

ACBP overexpression in yeast, mice, rats, and plants

(Arabidopsis) [16–18]. ACBP-overexpressing mice fed

control chow exhibit altered hepatic lipid metabolism [9].

ACBP-overexpressing rats fed a medium-chain fatty acid-

rich diet have improved glucose tolerance and lower serum

insulin levels [18]. Finally, a single nucleotide polymor-

phism in the human ACBP gene promoter is associated

with reduced risk of type 2 diabetes in two German study

populations—probably due to increased transcriptional

activity of ACBP [19].

While the above findings suggest that loss of ACBP

could result in major disruptions of normal phenotype and

possible lethality, the available evidence to date is unclear.

Depletion of the ACBP protein in the wild-type DTY10A

yeast strain results in a slower growing phenotype, which

subsequently adapts to a faster growing phenotype (fre-

quency [ 1:105), while other ACBP-null yeast strains

rapidly adapt, such that growth rate is unaffected [20, 21].

A conditional ACBP knock-down in yeast alters lipids,

membranes, and vesicle accumulation, but is not lethal

[20]. Although disruption of the 10-kDa ACBP gene in the

plant Arabidopsis is not lethal, Arabidopsis expresses at

least five additional ACBP genes that also bind LCFA-

CoAs—probably compensating for the loss of the 10-kDa

ACBP [22, 23]. Multiple independent genes encode dif-

ferent functional paralogues of ACBP even within a single

species [2, 24]. In mammals, these include: (1) 10-kDa

ACBP [also called liver ACBP (L-ACBP)] and its two

distinct homologues (testes, T-ACBP; brain, B-ACBP);

(2) ACBP-like domains in several large, multifunctional pro-

teins; and (3) multiple inactive pseudogenes [2, 24]. Sev-

eral studies with transformed mouse and human cell lines

suggest that knock-down of ACBP (ACBP antisense RNA

or siRNA) is very deleterious—inhibiting differentiation or

resulting in lethality [25, 26]. However, because trans-

formed cells are often deficient in the other LCFA-CoA-

binding proteins [1, 11, 27, 28], it is difficult on this basis

alone to predict if ACBP is an essential protein in mam-

mals. While recent studies with mice carrying the sponta-

neous nm1054 mutation suggest that deletion of ACBP is

not an embryonic lethality, this conclusion is complicated

by the nature of the nm1054 mutation, which arose in

CBA/J mice as a result of a large genomic deletion (about

400 kb) that contains all or part of at least six genes, only

one of which encodes ACBP [29–31]. On a homozygous

C57BL/6J mouse background, the nm1054 mutation results

in significant prenatal lethality, and the very few live-born

homozygotes almost all die before weaning [31]. However,

on a mixed background comprised of at least two different

mouse strains, the nm1054 mutation is not embryonically

lethal, but instead the mice live to adulthood and exhibit

a phenotype characterized by sparse hair, skin lipid meta-

bolic abnormalities, male infertility (uniformly infertile on

all genetic backgrounds), failure to thrive, hydrocephaly,

and anemia [29–31]. Consequently, the complexity of the

nm1054 mutation makes it difficult to assign the individual

contribution(s) of ACBP to the phenotype independent of

the other five concomitantly deleted genes, and/or down-

stream effects of deleting the promoter and intronic regions

of all six genes.

The purpose of the present investigation was to resolve

whether ACBP is an essential protein in a mammalian

system by ablating only the ACBP gene function by

homologous recombination in mice. The data show that

loss of ACBP resulted in early pre-implantation embryonic

lethality by the 8-cell stage. The fact that ACBP is the first

known intracellular lipid binding protein whose single gene

deletion results in embryonic lethality suggests its vital

importance in mammals.

Materials and Methods

Materials

Construct Preparation

A BAC clone containing the known expressed ACBP

sequence was obtained from the BACPAC Resource

Center (Oakland, CA). This clone was fully sequenced to
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confirm the presence of the full-length expressed mouse

ACBP gene rather than one of many inactive mouse

pseudogenes (DNA Technologies Core Laboratory, Texas

A&M University). Restriction enzymes were from Invit-

rogen (Carlsbad, CA) while DNA purification kits (Mini-

prep, Maxiprep, Agarose Gel Extraction kits, PCR

purification kits) were from Qiagen (Valencia, CA). Prime-

A-Gene labeling was from Promega (Madison, WI), and

oligonucleotides from Integrated DNA Technologies

(Coralville, IA)

Embryonic Stem Cells

The 129S6-derived embryonic stem (ES) cell line W4 was

from Taconic Inc. (Hudson, NY) while primary mouse

embryonic fibroblasts (PMEF) were from Specialty Media

(Phillipsburg, NJ). Fetal bovine serum was from Summit

Biotechnology (Fort Collins, CO) while cell culture media

and components (non-essential amino acids, penicillin,

streptomycin, L-glutamine, G418, sodium pyruvate) were

from Invitrogen (Carlsbad, CA). Leukemia inhibitory fac-

tor (LIF, ESGRO�) was from Chemicon (Temecula, CA).

Embryo Isolations

M2 and M16 media, Pregnant Mare Serum Gonadotropin

(PMSG), human chorionic gonadotropin (hCG), mineral oil

and hyaluronidase were from Sigma-Aldrich (St. Louis,

MO), Potasium Simplex Optimized Medium (KSOM) was

from Millipore (Billerica, MA), and ES cell injection needles

and blastocyst holding capillaries were from Eppendorf

(Hamburg, Germany).

Animals

All animal protocols were approved by the Institutional

Animal Care and Use Committee (IACUC) at Texas A&M

University. Male and female inbred C57BL/6NCr mice

were from the National Cancer Institute (Frederick Cancer

Research and Developmental Center, Maryland). ACBP

genetically-engineered mice were generated as described in

the section below. All mice were maintained in microiso-

lators, with a 12 h light/dark cycle in a temperature-

controlled facility (25 �C), access to standard commercial

rodent chow (Teklad�, Harlan, Indianapolis, IN, USA) and

water ad libitum. Mice were monitored by the presence of

sentinels quarterly and found negative for all known mouse

pathogens.

Generation of ACBP Gene-Ablated Mice

The ACBP-null targeting construct was designed to replace

the N-terminal promoter region (including the known

SREBP and PPARc response elements), exon 1, intron 1,

exon 2, and part of intron 2 of the ACBP gene with

a neomycin cassette. The following two overlapping

genomic DNA fragments from mouse clone RP23-430P22

(BACPAC Resources Center, BPRC, Oakland, CA, USA)

were used to form the backbone of the ACBP gene tar-

geting construct: a 7 kbp XhoI clone containing the pro-

moter region, exon 1, exon 2, and the surrounding intronic

sequences of the ACBP gene, and a 7 kbp HindIII clone

containing exons 1 through 3 and surrounding intronic

sequences. ACBP genomic sequences were confirmed by

extensive restriction mapping and DNA sequencing (DNA

Technologies Core Laboratory, Texas A&M University).

The 50 arm of homology was generated by ligating a

4.2 kbp XhoI/SmaI fragment from the 7 kbp XhoI clone into

pBlueScript-SK (pBS-SK; Stratagene, La Jolla, CA, USA).

An intermediate targeting construct consisting of the neo-

mycin resistance marker and a 3.9 kbp XhoI/HindIII frag-

ment from the 7 kbp HindIII clone was generated by

ligating the neo cassette from a pPGK-Neo vector to the

3.9 kbp XhoI/HindIII fragment. Ligating the 50 homology

arm with the intermediate targeting construct pre-digested

with SmaI completed the targeting construct. Once com-

plete, the targeting construct was linearized with NotI and

electroporated into the W4 ES cell line maintained on

a PMEF feeder layer. Disruption of the ACBP gene

was generated through homologous recombination. After

selection with G418, DNA was isolated from surviving

clones, digested with HindIII, and screened by Southern

blotting analysis following standard protocols. Using

a 760-bp 30 probe, targeted clones were identified by

Southern blotting with the presence of a 4.5-kbp band

while absence of the targeting construct was indicated by a

7-kbp band. Southern blotting used a 30 probe constructed

from sequence immediately after the disrupted locus

(between Bam/Sma and HindIII). Four positive clones were

expanded and injected into C57BL/6NCr blastocysts to

create chimeric mice following standard procedures. Four

male chimeras from two separate ES cell clones were

identified by coat color and bred to C57BL/6NCr females

to determine germ-line transmission of the targeted allele.

Tail DNA from the chimera/wild-type backcross F1 off-

spring were initially screened with Southern blotting by

standard procedures to verify germline transmission.

Subsequent generations of heterozygote/heterozygote and

wild-type crosses (for PCR controls) were genotyped by

PCR, with the following primer sets: forward primer

(ACBP-anchor, 50-CAA CCT CTG CCA TCA CCT ATT

C-30); reverse primer wild type (ACBP-wt, 50-TTC TCT

GTA TAG CTC TGG CTG G-30) and reverse primer gene

ablation (ACBP-ko, 50-GGT GGC TAC CCG TGA TAT

TG-30), for 35 cycles with an annealing temperature set

at 58 �C. The ACBP-null mice described herein were
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backcrossed to C57BL/6NCr mice for at least six

generations.

Isolation of Pre- and Post-Implantation Stage Embryos

ACBP heterozygous or wild-type (control) females were

paired overnight with ACBP heterozygous or wild-type

males, respectively and checked for the presence of

a copulation plug the next morning. The day of the copu-

lation plug was designated 0.5 post coitum (dpc). Females

were humanely euthanized by cervical dislocation imme-

diately prior to embryo isolation. Post-implantation

embryos were obtained by dissecting the uterus at 9.5,

11.5, 14.5 and 17.5 dpc. These embryos were freed of any

extra-embryonic tissue and then prepared for PCR analysis.

Pre-implantation embryos were obtained by flushing the

oviducts or uterus, depending upon the time point. One-cell

and two-cell (cleavage) oocytes were isolated from the

oviducts the same morning of the copulation plug (0.5 dpc)

and the following morning (1.5 dpc), respectively. Eight-

cell (morula) stage embryos were isolated from the

oviduct on the third day (2.5 dpc) and blastocysts were

obtained by flushing the uterus on the fourth day (3.5 dpc).

Hepes-buffered M2 medium was used to flush and handle

all embryos, and KSOM under mineral oil was used for up

to 6 days for in vitro culture of all pre-implantation

embryos at 37 �C, 5% CO2. One-cell stage embryos were

treated with 1 mg/ml of hyaluronidase and subsequently

rinsed 5–10 times in sterile M2 medium to remove cumulus

cells. The development and morphology of pre-implantation

stages were monitored by visualizing the embryos with

an inverted phase contrast microscope (Nikon Diaphoto

300, Nikon, Tokyo, Japan) at 12-h intervals after oocyte

collection.

Genotyping of Pre- and Post-Implantation Embryos

Genotyping of individual pre-implantation embryos was

performed using the REDExtract-N-Amp Tissue PCR kit

(Sigma-Aldrich, St. Louis, MO) according to the manu-

facturer’s protocol. Genomic DNA from post-implantation

embryos was obtained by digesting a small section of tail in

500 ll of lysis buffer (10 mM Tris–HCl, 1 mM EDTA,

300 mM Na acetate, 1% SDS, 0.2 mg/ml proteinase K) for

6 h at 55 �C, followed by 20 min at 95 �C to inactivate the

proteinase K. The lysate was used directly for PCR

Fig. 1 Construct design and

screening of ACBP gene-

ablated mice. a The targeting

construct, wild-type ACBP

locus and targeted locus after

homologous recombination.

Two lower diagrams show the

wild-type locus and targeted

ACBP locus with expected

HindIII fragment sizes with the

indicated probe (solid bar after

exon 3). b Southern blotting

analysis of genomic DNA from

F1 offspring of chimera/wild-

type backcrosses using the 30

probe just outside of the

disrupted ACBP locus. c PCR

analysis of genomic DNA from

offspring of heterozygote/

heterozygote intercrosses using

2 primer sets. (-/?) ACBP

heterozygotes; (?/?) wild-type

counterparts
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genotyping. The same PCR primer sets to genotype

embryos were used as with the live offspring. Initial

embryo genotyping was performed on embryos isolated

from the F2 intercross heterozygote generation. All

embryos genotyped for real-time reverse transcriptase

polymerase chain reaction (Q-rtPCR) were from the N6

heterozygote intercross generation or greater.

Quantitative (Real-Time) Reverse Transcriptase PCR

Q-rtPCR was performed on total RNA from 2.5-dpc

embryos isolated and purified using RNeasy Micro kit

(Qiagen,Valencia, CA, USA) according to manufacturer’s

protocol. Expression patterns were analyzed with an ABI

PRISM 7000 Sequence Detection System (Applied Bio-

systems, Foster City, CA, USA) using TaqMan� One Step

PCR Master Mix Reagent kit, gene specific TaqMan� PCR

probes and primers, and the following thermal cycler

protocol: 48 �C for 30 min for reverse transcription prior to

amplification, 95 �C for 10 min before the first cycle,

95 �C for 15 s, and 60 �C for 1 min, repeated 60 times. For

other specific probes and primers, TaqMan� Gene Expres-

sion Assay products for mouse peroxisome proliferator-

activated receptor-a (Ppara, Mm00440939_m1); sterol

carrier protein 2 (Scp-2, Mm01257982_m1); m-calpain

(Capn2, Mm00486669_m1), and Custom-TaqMan�-Assay

products sterol carrier protein-x (Scp-x, SEQ_SCPX-

EX23); acyl-CoA binding protein (Acbp, SEQ_ACBP).

Measurements were performed in duplicate and analyzed

with ABI PRISM 7000 SDS software to determine the

threshold cycle (CT) from each well. Primer concentrations

and cycle number were optimized to ensure that reactions

were analyzed in the linear phase of amplification. To

analyze the Q-rtPCR data, mRNA expression of Ppara,

Scp-2, Scp-x, and Capn2 in homozygous null pre-implan-

tation embryos were normalized to a housekeeping gene

(18S rRNA); made relative to the control wild-type pre-

implantation embryos, and calculated using the compara-

tive 2�DDCT method [32], where DDCT = [CT of target

gene - CT of 18 s]ACBP-nullembryos - [CT of target gene -

CT of 18 s]wild typeembryos as described in User Bulletin 2,

ABI PRISM 7000 SDS.

Results

Generation of ACBP Gene-Ablated Mice

The strategy for generation of a mouse ACBP-null target-

ing construct was dictated by the biological activity of

ACBP proteolytic fragments as well as the unique nature of

the ACBP gene itself. For example, the N-terminal region

of ACBP is the precursor of two major biologically active

peptides active in lipid metabolism, signaling, and insulin

secretion [14, 33, 34]. In addition, alternative splicing in

the mouse ACBP gene results in transcription of two

mRNA transcripts encoding proteins of 86 and 135 amino

acids, respectively [7]. Although western blotting of mouse

liver homogenates with several different polyclonal anti-

ACBP antisera detected the 10-kDa ACBP coded by the

transcript for 86 amino acids, these antisera did not detect a

15.9-kDa ACBP coded by the alternate transcript for 135

amino acids (not shown). Nevertheless, the mouse ACBP-

null targeting construct was designed to replace the

N-terminal promoter region (including the known SREBP

and PPARc response elements), exon 1, intron 1, exon 2,

and part of intron 2 of the ACBP gene with a neomycin

cassette (Fig. 1a). Chimeric ACBP gene ablated mice were

developed using this construct as described in Methods.

The offspring from chimera/wild-type backcrosses were

genotyped by Southern blotting using a 30 probe con-

structed from sequence almost completely after the dis-

rupted locus (horizontal solid bar after exon 3 and Bam/

Sma). Southern blotting of HindIII-digested DNA revealed

wild-type (7 kB) and targeted heterozygous (4.5 kB) DNA

(Fig. 1b). A PCR screen from tail clips was then developed

(Fig. 1c), using the two primer sets as described in Methods,

for genotyping all other offspring.

ACBP Heterozygous Mice Are Phenotypically Normal

Wild-type and heterozygous mice were indistinguishable

with respect to visual appearance, post-implantation

embryonic weight (Fig. 2a), body weight at weaning (not

shown), adult body weight (Fig. 2b), and fertility (not

shown). Since only one of the two ACBP alleles was

deleted in the heterozygous mice, rtPCR and Western

blotting detected only the expected 10-kDa ACBP in livers

of both wild-type and heterozygous mice (not shown).

The ACBP-Null Mutation is Embryonically Lethal

The F1 ACBP heterozygotes were intercrossed to produce

ACBP-null offspring. Instead of the expected Mendelian

1:2:1 ratio of 25% wild-type, 50% heterozygous, and 25%

null ACBP mice, examination of 171 total F2 offspring

from 21 litters yielded no homozygous null ACBP pups

(Fig. 3). The remaining greater than 2:1 ratio of hetero-

zygous to wild-type mice was consistent with the absence

of adverse effects of the mutant allele in the heterozygotes

(Fig. 3), and average litter size was within the normal

range of a hybrid B6:129 strain (D. Landrock, unpublished

data). Pregnant females were carefully monitored until the

day of parturition. No evidence for increased neonatal

lethality or cannibalization was noted. Taken together,

these data indicated a potential embryonic lethality.
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Genotypes of Post-implantation Embryos

To determine if ACBP gene ablation resulted from a post-

implantation embryonic lethality, the genotypes of post-

implantation F2 embryos from F1 ACBP heterozygote/

heterozygote intercrosses were determined. Of the 35 post-

implantation embryos isolated, no ACBP homozygous null

embryos were recovered 9.5 dpc (E15, 9 total, Fig. 4a),

11.5 dpc (E19, 8 total, Fig. 4b), 14.5 dpc (E22, 9 total,

Fig. 4c), and 17.5 dpc (E25, 9 total embryos, Fig. 4d). No

evident indicators of resorbed embryos were found during

dissection. Thus, ACBP-null embryos never formed, or

died prior to or very shortly after implantation.

Genotypes of Pre-implantation Embryos

To determine if ACBP-null mice resulted in a pre-

implantation embryonic lethality, the genotypes of 310

of 510 pre-implantation F2 embryos from F1 ACBP

heterozygote intercrosses were determined at the 2-cell

(oocyte), *8-cell (morula), and *32-cell (blastocyst)

stages. At the oocyte stage, the amount of DNA recovered

for PCR was minimal; thus it was not possible to identify

the genotype of all oocytes at this stage. Of over 200

oocytes recovered, 36 were clearly identified as to geno-

type, of which 4 were the homozygous null ACBP geno-

type (Table 1). As shown by representative light

microscopic images, the null ACBP oocytes (Fig. 5a) did

not differ in appearance from wild-type oocytes (Fig. 5e).

Of 146 morulae recovered, 17 were the ACBP homozygous

null genotype (Table 1). Similarly, light microscopy

showed that the ACBP-null morulae (Fig. 5b) did not differ

significantly in appearance from wild-type (Fig. 5f). In

contrast, while 128 blastocysts were recovered and geno-

typed, none were the ACBP-null genotype (Table 1).

Furthermore, light microscopy showed that some blasto-

cysts appeared to be undergoing degeneration (Fig. 5d),

while the majority appeared normal (Fig. 5h). Due to DNA

degradation, it was not possible to definitively genotype the

degenerating blastocysts. These dead/dying blastocysts most

probably represented ACBP homozygous null embryos. Thus,

ACBP gene ablation resulted in early pre-implantation

embryonic lethality beginning by the 2.5-dpc morula (8-cell)

stage, and none were viable by the 3.5-dpc blastocyst

(*32-cell) stage.

Q-rtPCR of ACBP in Pre-implantation Embryos

To determine if the lethality was associated with total

absence of ACBP transcription, 2.5 and 3.0-dpc embryos

Fig. 2 Body weights of heterozygous (-/?) and wild-type (?/?)

post-implantation embryo littermates and adult counterparts. Full

body weights of wild-type (a, solid bars) and ACBP heterozygous

(a, cross-hatched bars) post-implantation embryos are indicated at the

E22 (14.5 dpc) and E25 (17.5 dpc) stages. Body weights of adult

wild-type (b, solid bars) and ACBP heterozygous ACBP (b, cross-
hatched bars) male and female counterparts. There were no

significant differences in any of the groups

Fig. 3 Genotypes of live F2 offspring from ACBP heterozygote male

and female F1 intercrosses. From 21 intercross litters of mice, no

homozygous ACBP-null offspring were detected. ACBP heterozy-

gotes constituted 73.6% (126) of offspring (cross-hatched bar). Wild-

type mice represented 26.4% [45] of offspring (solid bar). (-/-)

homozygous ACBP-null; (-/?) ACBP heterozygotes; (?/?) wild-

type mice from the same litters
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from ACBP heterozygote intercrosses were examined by

Q-rtPCR. The ACBP transcript was detected in wild-

type and heterozygous embryos at the 2.5-dpc morula

(Fig. 6a, b) and 3.0-dpc stage (Fig. 6b) just prior to blas-

tocyst formation. In contrast, no Acbp gene transcript or

alternate spliced longer transcript was detected in the

morula 2.5-dpc stage of ACBP-null embryos (Fig. 6a, b).

The absence of Acbp transcript in the 2.5-dpc null embryos

was consistent with correct insertion of the construct into

the Acbp gene. Detection of Acbp transcript in 3-dpc

ACBP-null embryos was not possible because no ACBP-

null embryos were found by this late morula/early blastocyst

stage (Fig. 6b, ?). Thus, the Acbp transcript was absent in

the ACBP homozygous null 2.5-dpc stage morula, pre-

ceding the embryonic lethality by the blastocyst 3–3.5-dpc

stage (Figs. 5d, 6b). Western blotting to determine pres-

ence of the ACBP protein in the null morulae was not

possible due to the limited amount of material present at

this early stage of development.

Concomitant Upregulation Of Other Long-Chain Fatty

Acyl-CoA Binding Proteins

Since ACBP gene ablation was not lethal at the morula

2.5-dpc stage, the possibility that loss of ACBP was tem-

porarily compensated for at least in part by upregulation of

another cytosolic LCFA-CoA binding protein was exam-

ined. Sterol carrier protein-2 (SCP-2) and sterol carrier

protein-x (SCP-x) bind LCFA-CoAs with similar affinities

as ACBP [8, 35]; their ablation is not lethal [36–38]; and

they are expressed as early as the zygote 1-cell stage,

slightly earlier than ACBP at the 2-cell stage (Supple-

mental Fig. S1A). Scp-2 expression in ACBP-null 2.5-dpc

morulae was upregulated tenfold (Fig. 6a). Likewise,

expression of Scp-x in ACBP-null morulas (2.5 dpc) was

upregulated over 50-fold (Fig. 6a). These data suggest that

significant upregulation of SCP-2 and SCP-x may indicate

an attempt to compensate for the loss of ACBP to maintain

viability.

Table 1 Genotype distribution among pre-implantation embryos

from heterozygote F1 intercrosses

Embryo Genotype

Stage Age (dpc) (-/-) (-/?) (?/?)

Total % Total % Total %

Blastocyst

(*32-cell)

3.5 0 0 81 63.3 47 36.7

Morula (*8-cell) 2.5 17 11.6 99 67.8 30 20.6

Oocyte (2-cell) 1.5 4 11.1 22 61.1 10 27.8

Genotyping was performed by PCR (dpc days post coitum)

Fig. 4 Genotypes of post-implantation embryos from ACBP heterozy-

gote intercrosses. Embryos were examined at four stages of development:

a E15 (9.5 dpc, 9 total embryos); b E19 (11.5 dpc, 8 total embryos);

c E22 (14.5 dpc, 9 total embryos); and d E25 (17.5 dpc, 9 total embryos).

(-/-) homozygous ACBP null (open bars); (-/?) ACBP heterozygotes

(cross-hatched bar); (?/?) wild-type mice from the same litters (black
bar). Values represent percent of total embryos for each genotype

obtained at the indicated developmental stages
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The possibility that ACBP gene ablation may result in

compensatory upregulation of the nuclear peroxisome

proliferator-activated receptor-a (PPARa) was also inves-

tigated. PPARa exhibits high affinity for LCFA-CoAs [39,

40] and PPARa coactivator recruitment and transcriptional

activity are regulated by both LCFA-CoAs and ACBP [39–

42]. Furthermore, expression of the PPARa transcript

occurred by the zygote (1-cell) stage, thereby preceding the

appearance of ACBP, which normally occurs at the oocyte

cleavage (2-cell) stage (Supplemental Fig. S1A). However,

ACBP gene ablation did not significantly alter the

expression of Ppara transcript at the morula (2.5-dpc)

stage. Thus, viability of very early pre-implantation ACBP-

null embryos was not associated with concomitant upreg-

ulation of PPARa.

Since ACBP is a potent activator of m-calpain, a

protease involved in apoptosis [43], the possibility that

Fig. 5 Pre-implantation development of homozygous ACBP-null and

wild-type embryos. E1 (0.5-dpc) oocytes from ACBP heterozygote

intercrosses were isolated, cultured in KSOM medium, and photo-

graphed every 12 h to monitor their development. At the indicated

times, each embryo was genotyped by PCR. a–d show representative

homozygous null ACBP pre-implantation embryos, while e–h show

representative wild-type embryos at the same stages. Pre-implantation

embryos at the E1 early oocyte stage (0.5 dpc, a, e) have arrows
pointing to the two pronuclei, indicating fertilization; b, f indicate the

E2 oocyte cleavage stage (1.5 dpc); c, g, the E3 morula stage

(2.5 dpc); and d, h the E5 blastocyst stage (3.5 dpc). Degeneration of

several embryos at the blastocyst stage probably represent dead/dying

ACBP homozygous null embryos (d); DNA isolation was attempted

numerous times but was too degenerated for definitive genotyping.

(-/-) homozygous ACBP null; (-/?) ACBP heterozygotes; (?/?)

wild-type mice

Fig. 6 Expression of ACBP and other key long-chain fatty acyl-CoA

binding proteins in pre-implantation embryos. Embryos were isolated

from ACBP heterozygote intercross mice, and levels of ACBP, sterol

carrier protein-2 (SCP-2), sterol carrier protein-x (SCP-x), peroxi-

some proliferator-activated receptor-a (PPARa), and m-calpain were

determined by Q-rtPCR as described in ‘‘Methods’’. a Acbp, Scp-2,

Scp-x, and Ppara expression was determined in homozygous ACBP-

null embryos (open bars) and wild-type embryos (solid bars) at the

2.5-dpc morula stage (E3). Values represent means ± SEM; *p \ 0.05

between ACBP-null and wild-type embryo; ***p \ 0.0001 between

ACBP-null and wild-type embryo. b Acbp and m-calpain expression

was determined in homozygous null ACBP, heterozygous ACBP, and

wild-type ACBP embryos at the morula (E3, 2.5 dpc) and early

blastocyst (E4, 3.0 dpc) stages. (?) indicates no live embryos found.

(-/-) homozygous ACBP null; (-/?) ACBP heterozygous; (?/?)

wild-type embryos
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m-calpain transcript (Capn2) is expressed at an early pre-

implantation embryonic stage was investigated. Capn2 was

not expressed in the morula (2.5 dpc) embryonic stage of

ACBP-null, heterozygote, or wild-type embryos (Fig. 6b).

Since Capn2 was not detected until 3.0 dpc and no ACBP-

null pre-implantation embryos were detected by that stage,

embryonic lethality at [2.5 dpc was not associated with

ACBP activation of m-calpain.

Effect on Unbound Free Long-Chain Fatty Acyl-CoA

(LCFA-CoA) Concentration

LCFA-CoAs are potent regulators (Kis as low as 50 nM) of

many enzymes, transporters, and receptors involved in

lipid and glucose metabolism (Supplemental Table S1).

Since determination of LCFA-CoA and ACBP protein

concentrations would require more material than is present

in these early stage embryos to be detectable, the effect of

ACBP on the free unbound LCFA-CoA concentration was

modeled over the known physiological range of LCFA-

CoAs and ACBP concentrations in mammalian tissues (see

Supplementary Materials, Methods). At the upper range of

physiological ACBP concentration (50 lM), ACBP very

effectively buffered the unbound LCFA-CoA concentrations

over a relatively broad range (Supplemental Fig. S2A). The

unbound LCFA-CoA concentration was \50 nM up to

40 lM total LCFA-CoA (Supplemental Fig. S2B). In

contrast, estimated lower physiological ACBP concentra-

tion (6 lM) was relatively ineffective in buffering the

unbound LCFA-CoA level (Supplemental Fig. S2A),

which was [50 nM even at 10 lM total LCFA-CoA

(Supplemental Fig. S2B). Taken together, these data sug-

gest that the loss of ACBP would probably result in sig-

nificantly increased free unbound LCFA-CoA levels within

the null embryo cells, which in turn would adversely affect

many proteins, enzymes, and receptors involved in both

lipid and glucose metabolism.

Discussion

Although long-chain fatty acyl CoAs (LCFA-CoAs) are

well known intermediates in fatty acid metabolism, they

are also potent metabolic regulators of multiple enzymes/

proteins involved in fatty acid and glucose metabolism

[1, 10, 13]. While physiologic tissue total LCFA-CoA

levels are in the 5–150 lM range [1, 10, 13], even sur-

prisingly low levels (50–500 nM) of free unbound LCFA-

CoAs inhibit a broad variety of enzymes, transporters,

signaling receptors, and nuclear receptors involved in

key cellular processes such as fatty acid and cholesterol

synthesis, transcription of genes in lipid metabolism,

mitochondrial fatty acid oxidation, and glucose metabolism

(Supplemental Table S1). The respective Kis by LCFA-

CoA for many of these proteins are as much as 3,000-fold

lower than the range of total LCFA-CoA levels in tissues

[1, 10, 13]. Since these proteins are known to be active in

tissues, the actual unbound free LCFA-CoA levels are

much lower (10–20 nM) due to buffering by intracellular

LCFA-CoA binding proteins–especially by ACBP (rev. in

[1, 10, 13]. The present investigation determining the effect

of ACBP gene ablation on the phenotype of mice yielded

the following insights.

First, the phenotype of ACBP gene-ablated mice on

a C57BL/6NCr background was more severe than that of

the more complex nm1054 spontaneous mouse mutation on

a C57BL/6J or mixed strain background. Loss of only the

ACBP gene function was embryonically lethal at the pre-

implantation stage in ACBP-null mice on a C57BL/6NCr

background. While spontaneous loss of ACBP together

with at least five other genes (an earlier study indicated as

many as 200 genes) also resulted in significant prenatal

lethality in homozygous nm1054 null mice on a C57BL/6J

background, almost all of the few live-born pups die before

weaning and few have been weaned successfully [30, 31].

In contrast, loss of ACBP (along with 5 other genes)

elicited a somewhat milder phenotype (sparse hair, skin

lipid metabolic abnormalities, male infertility, failure to

thrive, hydrocephaly, anemia) in homozygous nm1054

mice on a mixed (two different strains) mouse background

[29–31]. It is yet to be determined why the nm1054

mutation resulting in loss of ACBP as well as five other

genes is less ‘lethal’ than deletion of the ACBP gene alone.

While it cannot be ruled out that loss of the promoter

sequences in our construct may have also affected the

expression of other genes and thereby contributed to pre-

implantation embryonic lethality, it is unclear why the loss

of even more promoter sequences due to deletion of six

genes in the nm1054 mutation resulted in a less severe

phenotype. One possibility is that the loss of one or more of

the five additional genes (i.e. loss of exons as well as

intronic sequences, and N-terminal promoter sequences)

may have contributed in an as yet not understood manner to

compensate for the loss of the ACBP. The different mouse

strain backgrounds of the ACBP-null mice (C57BL/6NCr)

and nm1054 mice (C57BL/6J or mixed CBA, 129) may

also have played a role, since phenotype versus strain

differences have also been noted in ACBP gene deletions

in different yeast strains [20, 21] as well as deletions of

other gene-ablated mouse models [44, 45]. The importance

of genetic background is emphasized by a recent report

comparing two yeast strains (R1278b and S288c) wherein

about 5,100 genes were systematically deleted [46]. While

894 genes were essential in both strains, 44 genes were

essential only in R1278b and 13 genes were essential only
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in S288c. Examination of hybrid strain crosses of 18

mutants that were lethal in R1278b, but not in S288c,

yielded viable progeny in all cases and their conditional

phenotype was associated with numerous modifier genes

that differ between the strains [46]. On the basis of this and

previous work, it was concluded that ‘‘conditional essen-

tiality is almost always a consequence of complex genetic

interactions involving multiple modifiers associated with

strain specific genetic variation rather than classical digenic

synthetic lethality’’ [46]. As has been seen in many other

cases, genetic background can profoundly affect the phe-

notypes manifest upon gene ablation. While such ‘dis-

crepancies’ often cause controversy, they also identify

potentially important areas of future research.

Second, deletion of the 10-kDa ACBP encoding gene in

the mouse is the first known embryonically lethal mutation

in any of the intracellular LCFA-CoA binding protein

families. At least three families of soluble lipid binding

proteins appear to buffer cytoplasmic LCFA-CoA levels by

binding LCFA-CoAs with high affinity, in the order: acyl-

CoA binding protein (ACBP) [1, 10, 13] [sterol carrier

proteins (SCP-2, SCP-x) [47] [select fatty acid binding

proteins [FABP1 (L-FABP) [[FABP7, FABP2, FABP3

(B-FABP, I-FABP, H-FABP)] [48–50]. Of these LCFA-

CoA binding proteins, only ACBP, SCP-2/SCP-x, and

FABP3 are expressed in pre-implantation embryos (Sup-

plementary Figure S1). However, FABP3 (H-FABP) binds

LCFA-CoA even more weakly than FABP1 (L-FABP)—

a protein not expressed in pre-implantation embryos

(Supplementary Figure S1) [48, 49]. Thus, redundancy in

LCFA-CoA binding proteins is much more limited in pre-

implantation embryos than in more mature tissues. These

data would suggest that loss of one of the lower affinity

LCFA-CoA binding proteins would not probably be lethal,

and to date lethality has not been observed upon gene

ablation of several members of the large FABP protein

family, including: Fabp1 (liver L-FABP), Fabp2 (intestinal

I-FABP), Fabp3 (heart H-FABP), Fabp4 (adipocyte

A-FABP), Fabp5 (keratinocyte K-FABP), and Fapb7 (brain

B-FABP) [44, 51, 52]. Likewise, ablation of SCP-2 and

SCP-x is not lethal [37, 38, 53]. Even loss of both L-FABP

and SCP-2/SCPx (intercross of L-FABP null mice and

SCP-2/SCP-x null mice) does not result in lethality [54].

Thus, embryonic lethality in mice ablating the gene

encoding the 10-kDa ACBP is unique among the multiple

LCFA-CoA binding proteins known to exist in the cyto-

plasm of mammalian tissues.

Third, the ACBP gene ablation-induced embryonic

lethality at very early pre-implantation stages where the

embryo is not well differentiated was consistent with

studies showing that ACBP-specific siRNA treatment of

highly undifferentiated mouse and human tumor cells is

lethal [26]. The observed lethality of ACBP-specific

siRNA treatment was probably due to loss of LCFA-CoA

buffering capacity concomitant with loss of ACBP in the

context of the already markedly reduced levels of other

LCFA-CoA binding proteins (e.g. FABPs, SCP-2/SCPx) in

transformed cells (rev. in [1, 11, 27, 28]. The fact that some

apparently normal ACBP-null embryos, albeit reduced in

expected numbers, were still alive at the 1–8 cell pre-

implantation stages, but not at later embryonic stages, was

most probably due to the presence of residual maternal

ACBP protein. Consistent with the fact that almost all

maternal mRNA is degraded by the end of the 2-cell stage

[55, 56], the ACBP mRNA was not longer detected in the

8-cell stage pre-implantation embryos. However, since the

ACBP protein has a relatively long half life (i.e. t1/2 of

25–53 h) [55–57], some maternal ACBP protein was

probably present in the 4-cell, but not in the 8-cell pre-

implantation stage. Concomitant upregulation of two less

prevalent LCFA-CoA binding proteins (SCP-2 and SCP-x,

primarily in peroxisomes) shown herein may have also

facilitated survival at the morula (8 cell) stage, but was

insufficient to assure survival by the blastocyst (*32 cell,

3.5-dpc) stage.

Fourth, the early pre-implantation embryonic lethality in

ACBP-null mice was consistent with the importance of

ACBP in preventing deleterious effects of LCFA-CoAs on

sensitive enzymes involved in energy production and fatty

acid biosynthesis. While fatty acids (primarily derived

from endogenous triglycerides) are the major energy

source in unfertilized oocytes, thereafter very little energy

is derived from fatty acids and intracellular triglyceride is

maintained relatively constant [58]. Since there is too little

glycogen to sustain the pre-implantation embryo, espe-

cially that of the mouse, the pre-implantation embryo is

heavily dependent on an exogenous energy supply for

synthesizing fatty acids [58]. Pyruvate and lactic acid in

oviductal fluid represent the major carbon sources of

mouse pre-implantation embryos up to the 4-cell stage,

while glucose serves this purpose thereafter [58–60].

Acetyl CoA derived from these nutrients is oxidized to

produce energy or is used as a substrate for fatty acid

synthesis required for formation of membranes and longer-

term energy storage than can be accomplished by energy

storage as glycogen. The two key enzymes in fatty acid

synthesis [acetyl CoA carboxylase (ACAC, rate limiting);

fatty acid synthase (FASN)] are both end-product inhibited

by fatty acyl-CoA [10, 15]. Acetyl CoA carboxylase is

especially sensitive (Ki 50 nM) to the presence of even

very low levels of LCFA-CoA [10]. By binding LCFA-

CoAs, ACBP very effectively removes the LCFA-CoA

end-product inhibition of ACC and FASN [10, 15]. The

importance of these fatty acid synthetic enzymes in early

embryogenesis is underscored by the fact that ablation

of ACC or FASN results in an early embryonic and
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pre-implantation embryonic lethality [61, 62]. As shown

herein, loss of ACBP (the major high-affinity LCFA-CoA

binding protein) is expected to eliminate most of the

LCFA-CoA buffering capacity. The other major LCFA-

CoA binding protein (FABP1, i.e. L-FABP) is not induced

until much later in development. While two other LCFA-

CoA binding proteins (SCP-2, SCP-x) are present and

concomitantly upregulated in ACBP-null pre-implantation

embryos, these proteins are largely compartmentalized in

peroxisomes and are present at much lower level (rev. in

[47]. Since ACBP is thought to be the most effective of the

LCFA-CoA binding proteins in buffering the unbound free

LCFA-CoA concentration [1, 10, 63], complete loss of

ACBP would thus be expected to greatly increase unbound

free LCFA-CoAs over that normally present in cells and

tissues—thereby inhibiting ACC and FASN enzymes

essential for de novo fatty acid synthesis.

Fifth, ACBP exhibits a unique role in early pre-

implantation embryonic development as compared to the

other intracellular LCFA-CoA binding proteins. Several

other cytoplasmic LCFA-CoA binding proteins (FABPs 5,

4, and 3; SCP-2, SCP-x) are expressed already by the

zygote 1-cell to morula 8-cell stages (Supplemental Fig.

S1), but gene ablation of many of these proteins is not

lethal [37, 38, 44, 51–53]. ACBP is also known to enter the

nucleus, bind nuclear receptors (PPARa, PPARc) involved

in lipid and glucose metabolism, and regulate transcrip-

tional activity of these receptors [11, 64–66]. PPARa itself

exhibits high affinity for and is regulated by LCFA-CoAs

transported by ACBP [11, 39, 40]. While PPARs a and c
are both present at the zygote one-cell stage (Supplemental

Fig. S1), ablation of PPARa is not lethal, and ablation of

PPARc is lethal but not until much later, i.e. the post-

implantation E10 stage [67, 68]. Thus, it is unlikely that

dysregulation of PPARs in response to ACBP deletion

accounts for the observed very early pre-implantation

lethality.

Finally, the 10-kDa ACBP does not appear to be an

essential protein in other eukaryotes, since its deletion

results in the appearance of revertants (yeast) and probably

compensated by distinct other ACBP genes in the nema-

tode (C. elegans), insect (D. melanogaster), and plants

(Arabidopsis) [20, 22, 23, 69–71]. It is also important to

note that in mammals the gene encoding the 10-kDa ACBP

also expresses two additional transcripts (due to alternate

transcription initiation) encoding distinct ACBP homo-

logues (testes T-ACBP; brain B-ACBP) [2, 24]. In silico

analyses of several databases (NCBI UniGene,

http://www.ncbi.nlm.nih.gov/unigene; European Bioinfor-

matics Institute, http://www.ebi.ac.uk) indicates the pres-

ence of expressed sequence tags (ESTs) for all three

mRNAs derived from the human ACBP gene (only two

have active promoters), for only the mRNA encoding the

rat 10-kDa ACBP, and for two mRNAs encoding the

mouse 10-kDa ACBP (87 amino acid) and a mouse

15.9 kDa (135 amino acid) ACBP-related protein [7].

While two additional mouse ESTs [one from brain

(BE652768) and one from testis (AA4927130)] have been

reported [7], a search of several databases attributed both

of these ESTs to the known gene encoding the 10-kDa

ACBP protein (Mouse Genome Informatics Database,

Jackson Labs, Bar Harbor, ME; NCBI UniGene database,

October 2009, http://www.ncbi.nlm.nih.gov/unigene). Mam-

mals (mouse, rat, human) also process multiple inactive

pseudogenes [NCBI UniGene database, October 2009,

http://www.ncbi.nlm.nih.gov/unigene); [2, 24]]. While the

physiological relevance of potentially two mRNA transcripts

of the mouse ACBP gene in early pre-implantation embryonic

development is not clear, the mRNA encoding ACBP was

present in all wild-type mouse embryos examined but not

in homozygous ACBP-null 8-cell stage pre-implantation

embryos or thereafter.

In summary, the studies presented herein addressed for

the first time the role of ACBP single gene ablation on

development in mice. ACBP gene ablation resulted in pre-

implantation embryonic lethality between the morula

(8 cell) and blastocyst (32 cell) stages. In contrast to

ACBP-null mouse, gene ablation of several other cytosolic

LCFA-CoA binding proteins also expressed at these early

pre-implantation embryonic stages is not lethal. Thus,

ACBP represents the first discovered LCFA-CoA binding

protein whose ablation results in lethality. While the exact

role of ACBP in normal pre-implantation embryonic

development remains to be identified, at least two general

possibilities may be considered: (1) Since the high affinity

of ACBP for LCFA-CoAs results in highly effective buf-

fering of total LCFA-CoAs to maintain unbound free

LCFA-CoAs at low levels, loss of ACBP probably results

in a significant increase of unbound free LCFA-CoA levels.

The elevated unbound free LCFA-CoA levels would con-

sequently inhibit highly LCFA-CoA sensitive enzymes

(e.g. acetyl CoA carboxylase, fatty acid synthase) required

for normal glucose metabolism and fatty acid synthesis

in these rapidly growing pre-implantation embryos; and

(2) Since ACBP normally interacts with and regulates

several nuclear receptors (e.g. PPARs) present in early pre-

implantation embryos, loss of such interactions may result

in abnormal transcriptional regulation of genes involved

not only in lipid and glucose metabolism but also devel-

opment. Both factors could contribute to the lethality

observed in these early pre-implantation ACBP-null

embryos. Future studies using an inducible construct or a

conditional knockout approach (e.g. as applied to acetyl-

CoA carboxylase and fatty acid synthase [72, 73]) should

allow further discrimination of the physiological functions

of ACBP.
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Abstract Vaccenic acid (trans-11-C18:1) chemically

resembles elaidic acid (trans-9-C18:1) which is assumed to

increase the risk of cardiovascular diseases, and thus could

exert similar effects. Possible different oxidation rates of

vaccenic versus elaidic acid were checked in muscles and

liver, and through related gene expression in normal rat

liver cells. In hepatic mitochondria, carnitine palmitoyl-

transferase (CPT) I exhibited comparable activity rates

with both trans-isomers. CPT II activity was 30% greater

(P \ 0.05) with vaccenic than with elaidic acid as nones-

terified fatty acids (NEFAs) or acyl-CoAs. Activity of the

first b-oxidation step was similar between the isomers in all

the tissue slices and liver extracts assayed. Respiration

rates were comparable with both trans-isomers as NEFAs

in various liver extracts, but were 30% greater (P \ 0.05)

with vaccenoyl-CoA than with elaidoyl-CoA in liver

mitochondria. Vaccenic acid was oxidised 25% more

(P \ 0.05) by liver peroxisomes than elaidic acid. In

hepatocytes cultured with trans- and corresponding cis-

C18:1 isomers, gene expression of CPT I, hydroxyacyl-CoA

dehydrogenase and hydroxymethylglutaryl-CoA synthase

was at least 100% increased (P \ 0.05), but was unchan-

ged with vaccenic acid, relative to controls. In conclusion,

the position and geometry of the double bonds in acyl

chains are suggested to confer on vaccenic and elaidic acid

specific biochemical properties that might differently affect

their fates in tissues.

Keywords Vaccenic and elaidic acid � b-Oxidation �
Mitochondria � Carnitine palmitoyltransferase �
Peroxisomes � Gene expression

Abbreviations

ACO Acyl-CoA oxidase

ACS Acyl-CoA synthetase

BSA Bovine serum albumin

CPT Carnitine palmitoyltransferase

FA Fatty acid

HAD Hydroxyacyl-CoA dehydrogenase

HMG Hydroxymethylglutaryl (in HMG-CoA synthase)

NEFA Nonesterified FA

PFAOS Peroxisomal FA-oxidising system

PPAR Peroxisome proliferator-activated receptor

Introduction

Coronary artery disease has been correlated with increased

plasma LDL/HDL cholesterol ratios and apolipoprotein B

levels [1, 2]. These atherosclerosis risk factors have

allowed to assess the potential atherogenicity of dietary

fats, particularly of partially hydrogenated vegetable oils

(PHVO) processed for margarine production [3–5].
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Increasing the intensity of the hydrogenation process gave

rise to the formation of trans-FAs whose levels ranged

from 1 to 60% of total FAs [6]. Elaidic acid (trans-9-

C18:1) may reach 30–40% and vaccenic acid (trans-11-

C18:1) 10% of total trans-FAs [7, 8]. Elaidic acid was

suspected to exert atherogenic effects because the con-

sumption of margarines rich in this isomer was associated

with increased LDL cholesterol and apolipoprotein B in

humans [9–11]. Trans-FAs are also synthesised in rumi-

nants by biohydrogenation of ingested fats and are

recovered in meat and milk fats, as well as dairy deriva-

tives [12]. Of all the trans-C18:1 isomers identified in dairy

fats, vaccenic acid is the most abundant ([80%) [7, 13,

14]. Epidemiological surveys have shown that there is an

increased risk of developing coronary heart disease with

diets enriched in PHVO, compared to fats of ruminant

milk, meat and derivatives [15–17]. However in hamsters

fed triglycerides containing trans-FAs, plasma LDL/HDL

cholesterol ratios increased more with vaccenic than with

elaidic acid [18]. Yet with the same animal model, the

hypercholesterolemic effect of PHVO was recently dem-

onstrated not to directly depend on the presence of elaidic

or vaccenic acid [19].

To date, studies aimed at examining atherogenic fats

have failed to directly ascribe to trans-FAs negative

effects on lipoprotein composition and/or vessel wall

structure. Indeed, the fates and properties of elaidic or

vaccenic acid may be greatly altered, for instance, by the

beneficial presence of FAs contained in the associated

fats of diets, as n-3 polyunsaturated FAs or conjugated

linoleic acid derived from vaccenic acid [20, 21]. The

fact that versatile experimental models, atherosclerosis

markers and dietary fat blends provide inconsistent

results, prompted us to use ex vivo experimental models

exposed to pure trans-FAs. In these assays performed

in rats with different cell extracts, our goal was to

determine whether vaccenic acid exhibits the same bio-

chemical fates and properties as elaidic acid. If these

trans-FAs exert singular biological effects, a necessity

was that they are weakly, and possibly differentially,

b-oxidised by cells. The present study was then devoted

to reactions promoting complete or partial degradation of

C18:1 isomers in whole cells, mitochondria and peroxi-

somes. The effects of both trans-FAs on the gene

expression of FA-oxidation-related proteins were also

investigated in cultured hepatocytes. Elaidic and vaccenic

acids were compared in parallel with oleic acid (cis-9

isomer) and cis-11-C18:1, respectively. The study was

mainly focussed on cell activities of liver whose pivotal

role in the re-distribution of ingested lipids to the other

organs is achieved via lipoprotein secretion. Rats

received a common standard diet, instead of diets enri-

ched in the mentioned isomers, to prevent specific effects

on enzyme activities through selective incorporation in

membranes [22, 23].

Experimental Procedure

Chemicals

Oleic (cis-9-C18:1), elaidic (trans-9-C18:1), cis-11-octadec-

enoic (cis-11-C18:1) and vaccenic (trans-11-C18:1) acids

were purchased from Sigma Chemical Co. (St. Louis, MO).

[1-14C]oleic acid was obtained from Amersham Biosci-

ences Europe (Saclay, France). The other [1-14C]isomers

were specifically prepared by CEA (Gif sur Yvette, France)

from commercial unlabelled FAs and 14CO2 using proce-

dures described in [24]. Radiochemical purity ([98%) of

[1-14C]labelled compounds was determined by RP-HPLC

(Zorbax SB C18; acetone/(methanol/water/acetic acid,

50:50:1, by vol), 60:40, by vol) and TLC (Silicagel Merck

60F254, pentane/diethylether/acetic acid, 80:20:0.1, by

vol). They were all stored in chloroform/ethyl alcohol

(50:50, by vol) at -30 �C. Evaporation of solvents under

nitrogen was followed by the saponification of FA with

NaOH or KOH for assays with whole cells or intracellular

organelles, respectively, and their binding to essentially

FA-free bovine serum albumin (BSA). These prepara-

tions were added to the other components of media

immediately prior to incubation. L-[methyl-3H]carnitine

was from Amersham. BSA, collagenase (type I) and

other biochemicals were from Sigma. Methylene chloride,

2,4,6-collidine, ethyl chloroformate and tetrahydrofuran,

supplied by Aldrich Chemical Co. (Milwaukee, WI), were

used for acyl-CoA synthesis [25]. Concentrations of

synthesised acyl-CoAs were determined through their

respective molar extinction coefficients at 260 nm and

correction based on their 232/260 nm ratios, relative to

those with pure products [26–28].

Animals

Official French regulations (N� 87848) for the use and care

of laboratory animals were followed throughout and the

experimental protocol was approved by the local ethic

committee for animal experimentation (N� BL0612). Male

Wistar rats were purchased from Janvier (Le Genest St Isle,

France). They were kept at 23 �C in a light-controlled

room (light period fixed between 08:00 am and 08:00 pm).

They had free access to tap water and were fed a standard

laboratory chow (ref AO4 from UAR, Epinay-sur-Orge,

France) containing 58.7% carbohydrate, 17% protein, and

3% fat (palmitic, stearic, oleic and linoleic acids repre-

senting 8.7, 1.7, 26.7 and 48.3%, respectively, of the total

FA mass). When rats were 7–8-week-old (250–300 g), they
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were fasted for *18 h, anaesthesised with isoflurane and

killed by exsanguination at 08:00 am.

Activity Rate Measurements

All the biochemical activity measurements were previously

carried out with increasing substrate concentrations, but the

concentration adopted for each experimental procedure

was selected among those giving rise to the increasing part

of activity curves.

FA Oxidation by Tissue Slices

Gastrocnemius muscle, heart and liver tissues were cut

with a scalpel blade on an ice-cooled glass plate in slices of

*0.5 mm in thickness, divided into strips of *2 9 1 mm

(1 to 1.5 mm3 volume) in Krebs-Henseleit buffer consist-

ing of 118 mM NaCl, 4.7 mM KCl, 1 mM KH2PO4,

1.2 mM MgSO4, 0.5 mM CaCl2, and 25 mM NaHCO3, pH

7.4, rinsed five times in the same medium and blotted on

absorbent paper. Tissue strips (0.2 g each) were placed on

a circular glass filter (16 mm diameter) with 0.4–0.6 mm

diameter pores, limited in periphery by a glass ring (2 mm

in height). This assembly was supported by 10-mm high

glass legs that allowed the incubation medium to be con-

veniently stirred with a magnetic bar. The device was

inserted in a 30-mm high beaker containing 2.5 mL of

Krebs-Henseleit buffer with 1 mM L-carnitine. The reac-

tion was started by the injection of 1 mL of [1-14C]FA

(84 GBq/mol) with BSA (0.4 mM and 50 lM of final

concentration, respectively) between the device and the

beaker, which allowed the total medium to nearly cover the

tissue strips. The whole system was placed into a 50-mL

plastic bottle under 95% O2, 5% CO2 atmosphere. After

1 h of incubation at 37 �C, the reaction was stopped by

addition of 1.5 mL of 25% (w/v) perchloric acid, which

precipitated proteins, FAs still unesterified, acyl-CoAs and

acylcarnitines. A small glass ladle (10 mm diameter)

containing 0.4 mL of Hyamine (Packard, Meriden, CT)

and fitted to a rubber cork was immediately introduced into

the plastic bottle to trap the 14CO2 released from the

acidified medium. After 2 h, the media were filtered using

Millipore filters (0.45 lm pore size) under very low pres-

sure and 1 mL of each filtrate containing the acid-soluble

products (ASP; short metabolites issued from FA oxida-

tion) was added to 3.5 mL of Ultima Gold XR (Packard)

for radioactivity measurements. The radioactivity of 14CO2

trapped into Hyamine was counted in the same scintillation

mixture. The radioactivity of ASP ? CO2 allowed to

determine the number of FA molecules whose b-oxidation

reactions affected at least the labelled carboxylic end of

each C18:1 isomer studied.

FA Oxidation by Liver Cells

Hepatocytes were isolated through a two-step collagenase

perfusion as in [29]. Cell viability was assessed by trypan

blue exclusion and suspensions with viability lower than

85% were discarded. FA oxidation was performed in 1 mL

of Krebs-Henseleit buffer containing 1 mM L-carnitine,

0.4 mM [1-14C]FA (16 GBq/mol) and 0.2 mM BSA. The

reaction was initiated by the addition of 0.8 million cells

(about 1.76 mg protein) per assay and was stopped after

30 min with 3 mL of 10% (w/v) perchloric acid. Radio-

activity of CO2 and ASP was measured as indicated for

liver slices. Oxygen consumption with FAs was measured

polarographically at 30 �C using a Clark-type oxygen-

electrode (Yellow Springs Instruments, Yellow Springs,

OH) in 1.6 mL Krebs-Henseleit buffer with 2 mM malate.

After addition of 0.8 million cells, 1 mM L-carnitine was

first injected to consume endogenous FAs. After 3 min, a

volume of 50 lL of a mixture containing each C18:1 isomer

and BSA was added both at 0.2 mM of final concentration.

Respiration rates were corrected from control values

obtained in the absence of exogenous FA.

FA Oxidation by Liver Homogenates

Liver pieces were homogenised by manual rotation of a

Teflon pestle in an ice-cooled Potter–Elvehjem apparatus

[30] and diluted (1:40, w/v) in a chilled mixture of 0.25 M

sucrose, 2 mM EGTA and 10 mM Tris/HCl, pH 7.4.

Mitochondrial and peroxisomal b-oxidation of labelled FAs

was performed in two specific media as indicated in [30, 31].

Liver homogenate (2.5 mg of wet tissue) was added to each

vial containing 1 mL of either medium. The reaction was

initiated by the addition of 50 lM [1-14C]FA (55 GBq/mol)

with 35 lM BSA. After 30 min, CO2 and ASP were col-

lected after addition of 3 mL of 10% (w/v) perchloric acid

and their radioactivity was measured as described above for

liver slices. For respiration measurements, a volume

of freshly prepared homogenate corresponding to 2.5 mg

of fresh liver was injected in 1.6 mL of medium contain-

ing 130 mM KCl, 25 mM HEPES, 0.1 mM EGTA, 3 mM

MgCl2, 10 mM KPi, 1 mM ATP, 50 lM CoA, 0.5 mM

DTT, 2 mM malate. L-carnitine and ADP (1 and 2 mM,

respectively) were then added. Control oxygen consumption

was recorded for 3 min, then a 50 lL-volume of a mixture

containing each C18:1 isomer with BSA (both at 0.2 mM of

final concentration) was added. Final respiration rates were

corrected from control values, as for hepatocytes.

FA Oxidation by Mitochondrial Fractions

The procedure of mitochondrial isolation is reported in [30]

using a medium containing 1% FA-free BSA to bind free

Lipids (2010) 45:581–591 583

123



FAs released during the cell disruption. The protein content

of mitochondrial fractions cleared from BSA was performed

using the bicinchoninic acid procedure [32]. The purity of

these fractions was checked through activity of enzymes

specific to mitochondria, peroxisomes and microsomes, as

detailed in [33]. Oxidation of labelled FAs was determined

in the presence of 0.3 mg of mitochondrial protein as in [34]

with 50 lM [1-14C]FA (66 GBq/mol) and 35 lM BSA. The

reaction was stopped after 8 min by addition of 4 mL of

10% (w/v) perchloric acid and the radioactivity of CO2 and

ASP was measured as above. Oxygen consumption was

recorded in the presence of 1.2 mg of mitochondrial protein

with 10 lM C18:1 isomers as NEFAs in the medium used for

liver homogenates, or as acyl-CoAs in a similar medium

devoid of MgCl2, ATP and CoA. Respiration rates were

corrected from control values obtained in the presence of

carnitine before the injection of NEFAs or acyl-CoAs.

FA Oxidation-Related Enzyme Activities

Acyl-CoA synthetase (ACS) activity was measured in

0.5 mL of medium containing 0.35 M Tris (pH 7.4), 8 mM

MgCl2, 5 mM DTT, 10 mM ATP, 0.1 mM CoA, Triton WR

1339 (1 mg/mL), 10 lM [1-14C]FA (1 TBq/mol) at 25 �C,

in the presence of 40 lg mitochondrial or 8 lg microsomal

(prepared as in [33]) protein. The reaction was stopped after

1 min with 1.5 mL of 10% perchloric acid (w/v). Unreac-

tive NEFAs were removed by three extractions with 2 mL

of diethylether. The aqueous medium was then neutralised

with 25% Tris (w/v) to solubilise acyl-CoAs, and the

associated radioactivity was measured in Ultima Gold XR.

The transfer of isomers onto carnitine via carnitine palmi-

toyltransferase (CPT) I and II activities was studied using

NEFAs (that require to be previously esterified to CoA

through mitochondrial ACS activity) or directly using acyl-

CoAs. CPT I activity was measured with 80 lM NEFAs or

acyl-CoAs in the presence of 25 or 50 lM BSA, respec-

tively, and CPT II with 50 lM NEFAs or acyl-CoAs, both in

the absence of BSA. The common point of these assays

carried out in 1 mL of medium in the presence of *0.3 mg

of mitochondrial protein was the preincubation time of

2 min before addition of 0.4 mM L-[methyl-3H]carnitine

(92.5 GBq/mol). The complete procedure with extraction of

acylcarnitines has been detailed in [30].

Peroxisomal FA Oxidation-Related Activities

To complement the peroxisomal FA oxidation measure-

ments obtained above with whole liver homogenates, the

activity of the peroxisomal FA oxidising system (PFAOS),

that is a key-sequence of the peroxisomal FA oxidation

pathway, was achieved through the CN--insensitive acyl-

CoA-dependent NAD? reduction in the presence of 20 lM

C18:1-CoA isomers as in [35]. Peroxisome-enriched frac-

tions used for greater accuracy were prepared from liver

homogenised in a sucrose medium with 1% BSA, centri-

fuged between 12,000 and 18,000g for 10 min, and rinsed

two times in the absence of BSA.

Gene Expression

Hepatocytes isolated as above were preincubated in

William Medium E (PAN-Biotech GmbH, Aidenbach,

Germany) containing 10% (v/v) fetal bovine serum and 1%

(v/v) antibiotic antimycotic solution (Sigma Chemical, Co.)

in water-saturated atmosphere (5% CO2, 95% air) for *3 h

at 37 �C, in dishes of 60 mm in diameter (*3 9 106 cells

per dish). The attached cell monolayer was gently washed

with 3 mL of fresh William Medium E medium without

fetal bovine serum to remove the unattached and non-viable

cells. The incubation was started with the addition of 4 mL

of William Medium E containing 100 lM C18:1 isomer

bound to 50 lM BSA and 1% antibiotic antimycotic solu-

tion, in a water-saturated atmosphere (5% CO2, 95% air)

at 37 �C. After 24 h of incubation, total mRNA of the

hepatocyte monolayers from three distinct dishes were

extracted using Tri-Reagent (Euromedex, Souffelweyers-

heim, France) as in [36] and were reverse-transcripted using

an Iscript cDNA kit (Bio-Rad, Marnes-la-Coquette,

France). Real-time PCR was performed as already descri-

bed [37] in a 96-well plate using an iCycler iQ (Bio-Rad)

from 2.5 ng cDNA for samples or 25, 2.5, 0.25 and

0.025 ng for standards). Primer pairs were designed using

‘Primers!’ software and were synthesised by MWG-Biotech

AG (Ebersberg, Germany). Table 1 details the sequences of

the forward and reverse primers, the melting temperatures

of these primers and the length of PCR products. Data were

analysed using the Bio-Rad and Microsoft Excel software.

The relative gene expression was calculated from standard

curves for each gene after normalisation with b-actin.

Statistics

Differences between groups were determined performing

repeated measures of ANOVA followed by the Tukey–

Kramer multiple comparison post-hoc test using GraphPad

Instat 3.1 software. Differences were considered significant

at P \ 0.05.

Results

Entry of Isomer C18:1 Chains into Mitochondria

This entry of FAs into mitochondria is mediated by CPT I

whose activity depends on acyl-CoA formation by ACS.
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Activity rates of ACS in microsomes and mitochondria

towards oleic acid were found to be 23.0 ± 3.5 and

5.1 ± 1.2 nmol/min per mg protein, respectively, and these

values did not exhibit, in either cellular fraction, statistical

differences towards the other C18:1 isomers assayed

(unpublished data). Figure 1a shows that activity rates of the

ACS-CPT I sequence with NEFAs were comparable with all

C18:1 isomers. Strict CPT I activity with vaccenoyl-CoA was

45% lower than with elaidoyl-CoA or oleoyl-CoA (Fig. 1b).

CPT II activity measured with NEFAs (Fig. 1c) or acyl-

CoAs (Fig. 1d) was *28% greater with vaccenic acid than

with elaidic acid. CPT II exhibited opposite effects

between both cis-isomers when they were used as NEFAs

(cis-9 [ cis-11) or acyl-CoA (cis-11 [ cis-9) (Fig. 1c vs. 1d).

Oxidation Related to the Carboxylic End of C18:1

Isomers

Slices of skeletal muscle and heart, both energy-demanding

organs, exhibited equivalent capacities to oxidise the four

C18:1 isomers, as assessed by the release onto CO2 ? acid-

soluble products (ASP) of the radioactivity initially hold by

Table 1 Primers for real-time

PCR

ACO acyl-CoA oxidase, CPT
(carnitine palmitoyltransferase)

I and II, HAD hydroxyacyl-CoA

dehydrogenase, HMG
(hydroxymethylglutaryl)-CoA

synthase, PPARa peroxisome

proliferator-activated receptor a

Gene 50-sense primer-30

50-antisense primer-30
Melting

temperature (�C)

Length of PCR

products (bp)

ACO aggtggctgttaagaagagtgc 60.3 62

ccgagatgccatattccctc 59.4

CPT-I atcggagcagggatacagag 59.4 94

accacctgtcaaagcatcttc 57.9

CPT-II gcccctggttcgatatgtatt 57.9 91

agactttgggtccggatt 56.7

HAD aggagcgtcttggaaaacag 57.3 104

actctcgcaaaagaaatggc 55.3

HMG-CoA synthase ggcatagataccaccaacgc 59.4 95

atagcgaccatcccagtagc 59.4

PPARa accctctctccagcttcca 59.9 113

gtccccacatattcgacactc 59.3

b-actin cgtgaaaagatgacccaggt 57.3 71

gtgctgagaagttgacccaata 58.4

Fig. 1 Carnitine palmitoyltransferase (CPT) I and II activities in liver

mitochondria with C18:1 isomers used as nonesterified fatty acids

(NEFA) requiring the previous action of acyl-CoA synthetase (ACS),

or directly as acyl-CoAs. Concentrations of either substrate in the

final media were 80 and 50 lM for CPT I and CPT II, respectively.

All results are expressed as nmol of C18:1 isomers in either form

bound to carnitine/min per mg of mitochondrial protein. T-bars show

SEM (n = 4). For each series of incubation, values with different

letters on columns statistically differ at P \ 0.05
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the carboxylic end of FAs (Fig. 2a). This denotes that a

same number of FA molecules entered into mitochondria

have at least undergone the first b-oxidation cycle. This is

qualitatively worth for liver slices and hepatocytes, but at

55 and 70% lower amplitudes, respectively, than for

muscle slices (Fig. 2a). As regards the activity exerted by

FA oxidation-related organelles in liver homogenates, i.e.

after cell disruption, or in liver mitochondria, no statistical

difference in FA oxidation rates was observed between the

four isomers (Fig. 2b, c). Figure 3 shows that vaccenic acid

was *25% more oxidised by liver peroxisomes than the

other C18:1 isomers on the basis of the radioactivity

released from labelled carboxylic end by liver homoge-

nates (carnitine-independent FA oxidation). In partially

purified peroxisomal fractions, PFAOS activity rates were

25% greater with vaccenic and elaidic acid than with their

cis-isomers.

Oxidation Related to the Whole Isomer C18:1 Molecules

Mitochondrial oxygen consumption was stimulated with

FA substrates when the respiratory chain was activated

through dehydrogenation of metabolites originating from

b-oxidation reactions (as acetyl moieties) and concomitant

ADP phosphorylation. As the number of acyl chains

entering the b-oxidation process was the same in each

tissue for all the isomers assayed (Fig. 2a) and slightly

different in liver mitochondria (Fig. 2c), respiration rates

on the isomers could provide further information about the

amount of acetyl moieties successively released from each

FA chain by b-oxidation. Figure 4 shows that oxygen

consumption rates by hepatocytes, liver homogenates and

isolated mitochondria were at least 50% lower with trans-

than with cis-C18:1 isomers used as NEFAs (panels a, b, c).

With liver mitochondria and acyl-CoAs that are direct

substrates for CPT I, respiration rates were comparable

with vaccenoyl, oleoyl and cis-11-octadecenoyl chains, but

33% lower with elaidoyl chain (Fig. 4d).

Hepatocyte FA Oxidation-Related Gene Expression

Long- and very-long chain FAs are known to exert regula-

tory effects on FA metabolism-related pathways. Here we

studied the effects of the four C18:1 isomers on the expres-

sion levels of FA oxidation-related proteins in cultured

hepatocytes (already depleted from carnitine during the

isolation procedure). When hepatocytes were incubated in

the absence of carnitine, gene expression of CPT I, HAD and

hydroxymethylglutaryl-CoA (HMG-CoA) synthase was

statistically increased with cis-9, cis-11 and trans-9-C18:1

Fig. 2 Carboxylic end b-oxidation of C18:1 isomers. The number of

molecules involved was expressed per g of gastrocnemius muscle,

heart and liver slices, or per mg of hepatocyte protein after 1 h of

incubation in the presence of 0.4 mM [1-14C]C18:1 isomers. The

results with liver homogenates and mitochondrial fractions were

expressed per min per g liver and mg mitochondrial protein, respec-

tively, after incubation in the presence of 50 lM [1-14C]C18:1

isomers. T-bars show SEM (n = 4). For each series of experiments

performed with a same tissue or tissue extract, values found between

the isomers tested did not differ (P [ 0.05) as the statistic test used
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isomers, but not with vaccenic acid (Fig. 5a, c, d). In the

presence of carnitine, increased expression levels were still

observed for CPT I, particularly with oleic and elaidic

acids (Fig. 5a), but were absent for HAD or of very low

amplitude for HMG-CoA synthase with the effective

isomers (Fig. 5c, d).

Discussion

Most of our observations related to b-oxidation and

obtained with cell extracts in the presence of pure isomers

reflect only part of the biochemical cell actuality. The

studied reactions should be also considered in the context

of other FA-related metabolic pathways. Under these ex

vivo conditions, the slightly shifted location of the trans-

double bond in vaccenic versus elaidic acid appeared to

have unequal consequences for both mitochondrial and

peroxisomal FA oxidation activities and FA oxidation-

related gene expression.

Entry of FA Chains into Mitochondria

Activation of NEFAs by CoA is a prerequisite before the

carnitine-dependent activities allow acyl chains to cross the

mitochondrial inner membranes. Comparable acyl-CoA

synthetase activities with the four isomers in the presence

of responsible organelles fully support previous results

obtained with cis- [38] and trans- [39] isomers under other

experimental conditions. This suggests that CPT I was

Fig. 3 Peroxisomal activities with C18:1 isomers as substrates in rat

liver. Results are expressed as percentages ± SEM (n = 3) by

reference to values obtained with cis-9 isomer (oleic acid). The

carnitine-independent FA oxidation rate was measured in liver

homogenates with unesterified [1-14C]C18:1 isomers and was

38 ± 2 nmol/min per g wet liver with oleic acid. The NADH

production by the peroxisomal FA oxidising system (PFAOS) was

recorded in partially purified peroxisomal fractions with CoA-

esterified C18:1 isomers and was 0.20 ± 0.01 lmol/min per g wet

liver with oleoyl-CoA. For each activity, values with different letters
on columns statistically differ at P \ 0.05

Fig. 4 Respiration on C18:1 isomers in hepatocytes, liver homoge-

nates and mitochondria. The isomers were used as nonesterified fatty

acids (NEFA) at 0.2 mM, 20 and 10 lM concentrations with

hepatocytes, liver homogenates and mitochondria, respectively, and

as acyl-CoA at 10 lM concentration with mitochondria. The results

are expressed as nanoatom O2/min per mg hepatocyte protein,

per g homogenised liver and per mg mitochondrial protein. T-bars
show SEM (n = 4). For each series of incubation, values with

different letters on columns statistically differ at P \ 0.05
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Fig. 5 mRNA levels of b-oxidation-related proteins after incubation

of fasted rat hepatocytes with C18:1 isomers in the absence or presence

of carnitine. Arbitrary units ± SEM with n = 3 (different hepatocyte

culture dishes) are percentages expressed by reference to control

assays (dotted lines) performed in the absence of any C18:1 isomer

(=100 for each series of experiments). Different letters on columns

denote statistically different results at P \ 0.05
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provided, through our experimental procedures, with equal

amounts of C18:1-CoA isomers. However in whole cells,

NEFAs and acyl-CoAs are very largely bound to specific

FA- and acyl-CoA binding proteins, respectively, while

unbound forms remain in the nanomolar range concentra-

tions [40, 41]. At lowest concentrations assayed, ACS/CPT

I sequence, strict CPT I and CPT II were found to exhibit

comparable activities with any of isomers (unpublished

data). This would allow an identical number of acyl chains,

bound to carnitine, to cross the mitochondrial inner mem-

branes and to equally provide, bound to CoA, the actual

b-oxidation reactions. Nevertheless, the requirement of

other cell metabolic pathways for acyl-CoAs could limit

the availability of these substrates for the CPT I reaction.

Indeed, CPT I activity rates were comparable with elai-

doyl- and oleoyl-CoA in isolated mitochondria (Fig. 1b),

but the data obtained with permeabilised hepatocytes [42]

showed that elaidic acid was transferred less to carnitine

that oleic acid. This suggests that, in whole cells, other

metabolic pathways could have differential affinities for

elaidic and vaccenic isomers, with direct consequences on

the respective in situ CPT I action. However the data

obtained with isolated mitochondria show that elaidic and

vaccenic acids exhibit clear different specificities for either

CPT I or II activity (Fig. 1b, d).

b-Oxidation Reaction

In muscle, heart and liver cells, the same number of C18:1

isomer molecules losing their first carbon pair by b-oxi-

dation totally agrees with other data obtained only with

[1-14C] labelled oleic and elaidic acid in vivo [43–45] and

in vitro [46]. In our study, the four isomers having crossed

mitochondrial membranes, through comparable carnitine-

dependent activity rates, were then equivalent substrates

for long-chain acyl-CoA dehydrogenase (LCAD) both in

whole cells and liver extracts. With equal numbers of C18:1

chains entering the mitochondrial b-oxidation reactions,

oxygen consumption rates due to dehydrogenations con-

nected to the respiratory chain informed about the extent to

which each fatty chain was b-oxidised. This technique

shows that respiration in liver cells, homogenates and

mitochondria was always lower with trans-isomers (elaidic

acid [ vaccenic acid) than with cis-isomers, all used as

NEFAs. It was, however, unexpected that mitochondrial

respiration rates with vaccenoyl-CoA and both cis-acyl-

CoAs were to the same extent and *30% lower with

elaidoyl-CoA. Such a difference has been previously

observed, but only between oleoyl- and elaidoyl-CoA, by

Yu et al. [45]. These authors showed that the major

b-oxidation intermediate of elaidic acid, 5-trans-tetradec-

anoyl-CoA, reduces the b-oxidation progress because of its

low-affinity for LCAD. Under comparable experimental

conditions, our results suggest that the formation of trans-

intermediates occurring during the b-oxidation of vacce-

noyl-CoA has no negative effect on the mitochondrial

b-oxidation activity. On the whole, our data show that

vaccenoyl-CoA is a worthy b-oxidation substrate in iso-

lated mitochondria and peroxisomes. This conclusion does

not exclude that, in intact cells, acyl-CoAs can be diverted

towards other metabolic pathways.

Effect of C18:1 Isomers on b-Oxidation-Related Gene

Regulation

In hepatocytes cultured in the absence of carnitine, it is

worth underlining the increased expression of CPT I and

more particularly of HAD and HMG-CoA synthase, with

the C18:1 isomers in the order cis-11 C cis-9 C trans-9,

relative to controls, but also the lack of effect with vaccenic

acid. In the media devoid of carnitine, very few interme-

diates of mitochondrial b-oxidation were produced, which

limits to acyl chains and derivatives outside mitochondria a

role in the transcription mechanisms. Under these condi-

tions, the respective capacity of isomers to bind tran-

scription factors, such as CoA-derivatives [47], appears to

differ according to the position and geometry of the double

bond, with weak or null efficiency for the trans isomers

whose the double bond was in 9 or 11 position, respec-

tively. Because PPARa expression was unaffected by any

of isomers, the up-regulation of CPT I, HAD and HMG-

CoA synthase might be due to the ability of acyl-CoAs to

bind PPARa at basal level in cells [47, 48]. However in the

presence of NEFAs, CPT I was also demonstrated to be up-

regulated through a PPARa-independent mechanism [49].

Such mechanisms could also apply to our culture assays, in

which the isomers transferred into cells were still under

free form and also partially esterified to CoA. In hepato-

cytes cultured in the presence of carnitine, isomers were

further esterified as acylcarnitines [50], which allowed part

of them to enter the b-oxidation pathway. The weak levels

of HAD and HMG-CoA synthase expression with cis-9,

cis-11 and trans-9 isomers could be then due to the loss of

induction capacities of active isomers when their concen-

trations decreased under limit values. Under the artificial

conditions of culture hepatocytes, vaccenic acid did not

appear to exert the same induction effect on FA oxidation-

related genes as elaidic acid.

On the whole, a number of FA oxidation related-

parameters with vaccenic versus elaidic acid did not match

each other both in whole cells and isolated organelles. The

data suggest that vaccenic acid is a better oxidation sub-

strate than elaidic acid with subcellular organelles related

to FA b-oxidation, and it does not affect FA oxidation-

related gene expression. Within cells, vaccenic and elaidic

acid could also enter other metabolic pathways and could
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be, for example, esterified into membranes or desaturated

as conjugated cis-9, trans-11 linoleic acid [20, 21].
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Abstract The use of the matrix 9-aminoacridine has been

recently introduced in matrix-assisted laser desorption/

ionization time-of-flight (MALDI-TOF) mass spectrometry

analysis of both anionic and cationic phospholipids. In the

present study, we take advantage of this technique to

analyze the lipids of porcine olfactory mucosa and a

membrane fraction enriched in cilia. Thin-layer chroma-

tography (TLC) and 31P-NMR analyses of the lipid extracts

were also performed in parallel. MALDI-TOF-MS allowed

the identification of lipid classes in the total lipid extract

and individual lipids present in the main TLC bands. The

comparison between the composition of the two lipid

extracts showed that: (1) cardiolipin, present in small

amount in the whole olfactory mucosa lipid extract, was

absent in the extract of membranes enriched in olfactory

cilia, (2) phosphatidylethanolamine species were less

abundant in ciliary than in whole epithelial membranes,

(3) sulfoglycosphingolipids were detected in the lipid

extract of ciliary membranes, but not in that of epithelial

membranes. Our results indicate that the lipid pattern of

ciliary membranes is different from that of whole-tissue

membranes and suggest that olfactory receptors require a

specific lipid environment for their functioning.

Keywords Olfactory epithelium � Pig � Lipids �
MALDI-TOF-MS � TLC � 31P-NMR
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CerPCho Sphingomyelin

WM Whole-tissue membranes

Introduction

Inhalation of odors across the surface of the olfactory

epithelium of the animal nose activates the olfactory sig-

naling cascade, which involves the binding of ligands to

receptors localized on primary sensory cells, the olfactory

sensory neurons (OSN). The OSN are bipolar neurons of

the pseudostratified olfactory epithelium, having a thin

sensory axon extending to higher brain regions and a single

dendrite that ends with a knob, from which long fine cilia

protrude, directly projected into the mucous of the olfac-

tory epithelium.

Olfactory cilia are the sites of the sensory transduction

apparatus. The binding of odorants to G-protein-coupled

seven-transmembrane olfactory receptors (OR) activates

the Gaolf subunit of a specific heterotrimeric G-protein

complex, which stimulates the enzyme adenylcyclase III

(AC3) to synthesize the second messenger molecule cyclic-

adenosine-monophosphate (cAMP). cAMP in turn acti-

vates the opening of cyclic-nucleotide-gated ion channels

present on the plasma membrane, generating electrical

signals in the primary sensory axons [1, 2].

Each OSN expresses only one type of OR out of a

repertoire of about 1,000 [3]. Numerous OSN expressing

the same OR are dispersed in the olfactory mucosa, while

their axons converge to form glomeruli in the olfactory

bulb, where a precise distribution or map of odors exists.

It is known that several proteins involved in the sensory

signaling cascade are compartmentalized in specialized

membrane subdomains, called lipid rafts, which are

expected to be spread in the olfactory ciliary membranes

[4, 5].

In the lipidomics era it is surprising to find out that only

a few analyses of the lipids of olfactory mucosa have been

reported in the literature. Old reports described the lipid

composition of plasma membranes isolated from bovine

[6] and rat [7] olfactory mucosa, while no data are avail-

able either on pig olfactory mucosa in toto, or on isolated

olfactory cilia.

It would be helpful to have an overview of the specific

set of lipids in the sensory cilia in order to investigate the

possible functions of lipids in signal transduction, adapta-

tion, xenobiotic metabolism and OSN maturation.

The present study provides the first general character-

ization of the membrane lipids of the neuroepithelial

olfactory mucosa covering pig turbinates and information

on lipids associated with the specialized membrane domain

of pig olfactory cilia.

Materials

The nasal cornets of pig were kindly provided immediately

after sacrifice by the slaughterhouse in Ruvo di Puglia (Bari,

Italy). The Cyclic AMP [3H] assay system was purchased

from Amersham (Freiburg, Germany). Odorants (Sigma–

Aldrich, St. Louis, MO) were usually prepared as stock

solutions in ethanol or DMSO. All organic solvents used

were commercially distilled and of the highest available

purity (Sigma–Aldrich). Plates for TLC (Silica gel 60A,

10 9 20 cm, 0.25 mm thick layer), obtained from Merck

(Darmstadt, Germany), were washed twice with chloroform/

methanol (1:1, by vol) and activated at 120 �C before use.

The following lipid standards were obtained from Avanti

Polar Lipids, Inc. (Alabaster, AL): 1,2-dimyristoyl-sn-gly-

cero-3-phosphate (sodium salt) (14:0 PtdOH), 1,2-dimyri-

stoyl-sn-glycero-3-phospho-L-serine (sodium salt) (14:0

PtdSer), 1,2-dipalmitoleoyl-sn-glycero-3-phosphoethanola-

mine (16:1 PtdEtn), 1,2-dioleoyl-sn-glycero-3-phospho-

(10-myo-inositol) (ammonium salt) (18:1 PtdIns), 10,30-bis

[1,2-dimyristoyl-sn-glycero-3-phospho]-sn-glycerol (sodium

salt) (14:0 Ptd2Gro), 1,2-dimyristoleoyl-sn-glycero-3-phos-

phocholine (14:1 (D9-Cis) PtdCho), 1,2-distearoyl-sn-gly-

cero-3-phosphocholine (18:0 PtdCho), 1,2-di-O-phytanyl-

sn-glycero-3-phosphocholine (4ME 16:0 diether PtdCho),

N-palmitoyl-D-erythro-sphingosylphosphorylcholine 16:0

CerPCho (d18:1/16:0). The matrix for MALDI-TOF–MS

(9-aminoacridine hemihydrate) was purchased from Acros

Organics (Morris Plains, MJ).

Methods

Isolation of Membranes Enriched in Olfactory Cilia

Ciliary membranes were detached and isolated from pig

olfactory epithelia as previously described [8, 9]. The pig

olfactory epithelia, situated on both left and right ethmo-

turbinates, were carefully stripped from the underlying

bone and washed in ice-cold Ringer solution (120 mM

NaCl, 5 mM KCl, 1.6 mM K2HPO4, 1.2 mM MgS04,

25 mM NaHCO3, 7.5 mM glucose, pH 7.4) plus 1 mM

PMSF within 10–20 min of slaughter. All operations were

carried at 0–4 �C. The olfactory cilia were detached using a

calcium shock procedure, raising the calcium concentration

in the Ringer solution up to 10 mM. After gently shaking

(20 min at 4 �C), the deciliated epithelia were removed by

centrifugation (7,000g for 5 min). The supernatant was

collected and the pellet incubated again with the solution

containing 10 mM calcium ion for 20 min. After removing

the deciliated epithelia by centrifugation, the supernatants

containing the detached cilia were combined. Membranes

enriched in olfactory cilia were collected by centrifuging at
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27,000g for 15 min, and resuspended in Buffer A (3 mM

MgCl2, 2 mM EDTA, 10 mM Tris/HCl, 1 mM PMSF, pH

7.4) with 5% glycerol. Ciliary membranes were appor-

tioned into small volumes and saved at -80 �C. The pro-

tein concentration was determined by the Bradford method

[10], with bovine serum albumin as standard.

Whole-Tissue Membrane Isolation

Pig olfactory epithelia, carefully dissected as described in

the previous paragraph, were suspended in 5–7 volumes of

hypotonic Ringer solution (Ringer without NaCl) and

homogenized on ice with a Potter homogenizer. Cartilage

fragments and large epithelia pieces were removed by low

speed centrifugation followed by filtration. The filtrate was

then centrifuged twice at 1,500g for 10 min and the pig-

mented pellet removed. The final supernatant was centri-

fuged at 27,000g for 20 min to generate a light yellow

pellet. This pellet was suspended in 5% glycerol-containing

Buffer A and stored at -80 �C.

Adenylcyclase Assay

Adenylcyclase activity was assayed according to a modi-

fied version of the method described previously [11, 12].

All assays were carried out at 37 �C. Briefly 70 ll of cilia

suspension (50–100 lg protein/ml) was mixed with 360 ll

of stimulating buffer containing 200 mM NaCl, 10 mM

EGTA, 50 mM MOPS, 2.5 mM MgCl2, 1 mM DTT,

0.05% sodium cholate, 1 mM ATP, 20 lM GTP, 1 mM

IBMX buffered at pH 7.4, with or without a stimulant

(200 lM odorants or 5 lM forskolin). The incubation of

cilia with the stimulating buffer (15 min at 37 �C) was

stopped by adding 350 ll of ice cold 10% perchloric acid.

Then samples were centrifuged at 2,500g for 5 min at 4 �C;

400 ll of the supernatant was added to 100 ll of 10 mM

EDTA pH 7.0. The samples were then neutralized by

adding 500 ll of a mixture containing 1,1,2-trichlorotri-

fluoroethane and tri-n-octylamine, mixed and then three

phases were obtained by centrifugation; the upper phase

contained the water soluble components and was used to

estimate the amount of cAMP produced during the incu-

bation of cilia with substrates. The cAMP was determined

by radioimmunoassay using an Amersham kit.

Lipid Extraction

Total lipids were extracted from membranes using the

Bligh and Dyer method [13] in the presence of 0.01% DTT

as antioxidant. 6 ml of methanol/chloroform (2:1, by vol)

was added to a 1.6 ml membrane suspension (about 6 mg

proteins). The mixture was gently shaken for 15 min and

then centrifuged to collect the supernatant. The residue

pellet was re-extracted by adding 7.6 ml of methanol/

chloroform/water (2:1:0.8, by vol). The mixture was again

shaken for 15 min and centrifuged. Then 4 ml each of

chloroform and 0.2 M KCl were added to the combined

supernatant extracts to obtain a two-phase system, chlo-

roform and methanol/water (1:0.9, by vol). After complete

phase separation, the lipid-containing chloroform phase

was brought to dryness under argon; dried lipids were

weighed, suspended in a small chloroform volume and

saved at -20 �C.

Thin-Layer Chromatography

Total lipid extracts were analyzed by TLC on silica gel

plates and lipids were eluted with Solvent A, chloroform/

methanol/acetic acid/water (85:15:10:3.5, by vol). For

2D-analysis, the plates were developed using Solvent B,

chloroform/methanol/ammonium hydroxide (65:25:5, by

vol), in the first dimension, and Solvent A in the second

dimension. The solvent used for separation of neutral lipids

on 1D-TLC was Solvent C, hexane/ethyl ether/acetic acid

(70:30:1, by vol). Individual phospholipids were identified

by reference to authentic lipid standards (Sigma–Aldrich).

Lipids were detected by spraying plates with 5% sulfuric

acid, followed by charring at 120 �C. Additional confir-

mation of the identity of lipids was obtained using (a)

molybdenum blue reagent (Sigma–Aldrich), specific for

phospholipids, (b) 0.5% a-naphthol in methanol/water (1:1,

by vol), specific for glycolipids, (c) ninhydrine 0.25% in

acetone/lutidine (9:1, by vol), for free amino groups [14].

To analyze in detail the various lipid components of the

extracts, bands present on 1D-TLC, developed in Solvent

A, were scraped and lipids extracted from silica, as pre-

viously described [14]; then lipid bands were analyzed by

mass spectrometry.

MALDI-TOF Mass Spectrometry

Lipid analysis was performed as previously described [15].

Briefly total lipid extracts (10 mg/ml; dissolved in chlo-

roform/methanol (1:1, by vol)) were diluted from 20 to

200 ll with isopropanol/acetonitrile (60:40, by vol). After

mixing 10 ll of diluted sample with 10 ll of 9-amino-

acridine (10 mg/ml; dissolved in isopropanol/acetonitrile

(60:40, by vol)), 0.3 ll of the mixture was spotted on the

instrument plate. The same procedure was followed to

analyze the lipid standards (1 mg/ml). MS analysis was

performed on a Bruker Microflex spectrometer (Bruker

Daltonics, Bremen, Germany). Mass spectra were acquired

in the positive and negative mode by averaging 600 con-

secutive laser shots (50 shots per subspectra). Synthetic

lipid standards (Avanti Polar Lipids) were used as external

standards for calibration.
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NMR Spectroscopy

31P-NMR analysis of phospholipids present in the total

lipid extract was performed by following the previously

described method [16, 17]. The method is based on the use

of a methanol reagent containing D2O and a dissolved

EDTA salt, prepared as follows. The cesium salt of EDTA

was prepared by titrating a 0.2 M suspension of EDTA free

acid with CsOH to a pH of 6.0, at which point free EDTA

was in solution; EDTA salt solutions were evaporated to

dryness on a freeze-dry apparatus, dissolved in a minimum

volume of D2O to exchange labile 1H for 2D, dried a

second time and dissolved in D2O to a concentration of

0.2 M. The final methanol reagent was prepared by dis-

solving 1 ml of D2O-EDTA solution in 4 ml of methanol.

The use of D2O is solely in order to provide a deuterium

reference signal for magnetic resonance field-frequency

stabilization; it is not essential for signal narrowing.

Between 1 and 5 mg of phospholipid standards and 12 mg

of total lipid extract were dissolved in 0.8 ml of deuterated

chloroform. To this solution 0.4 ml of methanol reagent

(containing Cs/EDTA) was added, and the mixture stirred

gently. Two liquid phases were obtained, a larger chloro-

form phase and a smaller water phase. By using a Pasteur

pipette, the sample was placed in an NMR test tube, where

it separated within 1 min. The sample tube turbine was

adjusted so that only the chloroform phase was detected by

the NMR spectrometer’s receiver coil. Magnetic field sta-

bilization was obtained through the deuterium resonance of

deuterated chloroform. Unless otherwise specified, samples

were analyzed with proton broad-band decoupling to

eliminate 1H-31P multiplets. Under these conditions each

spectral resonance corresponded to single phosphorus. 31P

chemical shifts were relative to 85% H3PO4 as an external

standard. Samples were analyzed using a Bruker DRX500

Avance instrument (Bruker Daltonics, Bremen, Germany).

Results

Whole-tissue membranes (WM) of neuroepithelial cells

were isolated from pig olfactory epithelium and total lipids

were extracted to be analyzed; in addition to the WM, a

membrane fraction enriched in olfactory cilia (CM) was

isolated by following the so-called calcium-shock method

[8, 9], briefly described in Fig. 1.

Ciliary membrane enrichment was estimated by assay of

odor-stimulated AC3 activity (i.e. an activity marker for

olfactory cilia); Table 1 reports the specific AC3 activity

both in membranes enriched in olfactory cilia and in

the whole-tissue membranes, in the absence and in the

presence of stimulants. Basal, forskolin-stimulated and

odor-stimulated AC3 activity was observed in both the

membrane preparations, but it is evident that forskolin- and

odor-stimulated activities were higher in the membrane

fraction enriched in cilia.

Total lipids were extracted from the two different

membrane preparations isolated from epithelial cells of pig

nose; the lipid/protein ratio was about 1.2 in both mem-

brane fractions. Figure 2 shows the two-dimensional TLC

analyses of the total lipid extracts of CM (a) and WM (b).

Lipid band identification was performed by comparison

with authentic standards (St, in Fig. 2c). The two lipid

profiles were similar; five main bands arose from the sep-

aration of polar lipid components during the chromato-

graphic run, while neutral lipid bands could be seen close

to the solvent front. Polar lipid bands corresponded to the

following lipid classes (in Rf order): sphingomyelin

(CerPCho) (as a doublet), phosphatidylinositol (PtdIns),

phosphatidylcholine (PtdCho), phosphatidylserine (Ptd-

Ser), and phosphatidylethanolamine (PtdEtn); cardiolipin

(Ptd2Gro) was a minor lipid component present in the lipid

extract of WM, while it was absent in the lipid extract of

CM. Another difference between the two TLC plates in

Fig. 2a, b was in the intensity of PtdEtn spot, which was

more intense in whole than ciliary membranes. Glyco-

sphingolipids (cerebrosides, gangliosides, sulfatides), rela-

tively abundant components of nervous tissue cells, could

Fig. 1 Calcium-shock scheme for isolating membranes enriched in

olfactory cilia. The pig olfactory epithelia were suspended in ice-cold

Ringer solution containing 10 mM CaCl2 (twice). To separate tissue

fragments, fractions were centrifuged at low speed (7,000g for

5 min). To collect membranes enriched in olfactory cilia, the

combined supernatants were centrifuged at high speed (27,000g for

15 min). The final membrane pellet was resuspended in Buffer A/5%

glycerol and stored at -80 �C
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be not detected by this technique either in whole or in

ciliary membranes. Finally it was difficult to compare the

cholesterol (CHOL) spots in WM and CM, because they

were too close to the solvent front overlapping with other

neutral lipid components, such as fatty acids and diacyl-

glycerols. All together the TLC data in Fig. 2 document

that our preparation of ciliary membranes was devoid of

mitochondrial membranes and is characterized by a lower

PtdEtn content than the whole membranes.

The difference in the PtdEtn content was also evident in

the 1D-TLC lipid profiles (Fig. 3). To further investigate

on the CHOL content of WM and CM, we analyzed their

lipid extracts by 1D-TLC using a solvent for neutral lipids

(as described in ‘‘Methods’’). The results revealed that

cholesterol percentage did not differ between the two lipid

extracts and amounted to about 10% (Fig. 4).

To gain detailed information on the lipid classes present

in pig olfactory mucosal cells, the total lipid extract of

whole-tissue membranes was analyzed by MALDI-TOF-

MS, using the novel matrix 9-aminoacridine allowing a fast

reliable analysis of both zwitterionic and anionic lipid

species [15]. Main lipid bands isolated from preparative

1D-TLC were also analyzed by MALDI-MS. Furthermore

ESI-MS analysis of the lipid extract was performed to

support the identification of lipid classes by MALDI-TOF-

MS (not shown).

Table 1 Adenylcyclase activity in isolated membranes

Basal activity ± SEM Forskolin-stimulated activity ± SEM Odor-stimulated activity ± SEM

Membranes enriched in cilia 197.7 ± 25.3 850.5 ± 39.4 480.1 ± 26.6

Whole-tissue membranes 60.9 ± 18.6 280.3 ± 13.2 150.5 ± 10.2

Cyclase assay was carried out with 5 lM forskolin or with an odor mixture containing 100 lM each of eugenol and citralva, as described in

‘‘Methods’’. The specific activity is reported as pmol cAMP/mg/min. The values are averages of three separate experiments. SEM refers to

standard error of the mean

Fig. 2 2D-TLC of the lipid

extracts of membranes isolated

from pig olfactory epithelium.

Total lipids were extracted from

the membrane preparations

isolated from epithelial cells of

pig nose and from membranes

enriched in olfactory cilia, as

described in ‘‘Methods’’. Eighty

micrograms of the lipid extract

of whole-tissue (WM) and

enriched in olfactory cilia (CM)

membranes were loaded in the

TLC plates (a) and (b),

respectively. The following pair

of solvents was used: Solvent B

chloroform/methanol/

ammonium hydroxide (65:25:5,

by vol), and then Solvent A

chloroform/methanol/acetic

acid/water (85:15:10:3.5, by

vol). Total lipids were detected

by spraying with 5% sulfuric

acid and charring at 120 �C. On

the TLC plate in (c) eight

micrograms of each lipid

standard were loaded. S-GalCer,

galactocerebroside sulfate;

Ptd2Gro, cardiolipin; CHOL,

cholesterol; PtdCho,

phosphatidylcholine; PtdEtn,

phosphatidylethanolamine;

PtdIns, phosphatidylinositol;

PtdSer, phosphatidylserine;

CerPCho, sphingomyelin
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The mass spectrum acquired in the negative mode

(Fig. 5a) showed two main peaks at m/z 885.8 and 788.8,

corresponding to the molecular ions [M - H]-of PtdIns

38:4 and PtdSer 36:2, respectively. The minor peaks at m/z

750.6, 766.7 and 810.7 corresponded to the molecular ions

[M - H]- of plasmenyl-PtdEtn, PtdEtn and PtdSer (all

38:4 species), respectively. Furthermore the peaks at m/z

838.7 and 857.3 were attributed to a PtdSer 40:4 and PtdIns

36:4. Two small peaks were present in the high m/z range;

the peak at m/z 1448.3 was attributed to the molecular ions

[M - H]- of a cardiolipin, having four linoleic acid (18:2)

chains, while the peak at m/z 1475.8 was not assigned. Of

course the apparent amounts of the various lipids in the

MALDI profiles depend on the lipid individual tendency to

ionization together with its abundance in the extracts.

MALDI-TOF-MS analysis also allowed the direct

identification of minor lipid components of olfactory neu-

roepithelial cells, such as sulfoglycosphingolipids (i.e.

sulfatides). A detailed description of the advantages of

MALDI-TOF in the analysis of sulfatides has been recently

reported [18].

Fig. 3 1D-TLC lipid profiles of whole-tissue (WM) and enriched in

olfactory cilia (CM) membranes. Total lipids (60 micrograms) were

detected by charring. Solvent A was used

Fig. 4 Cholesterol content of whole-tissue (WM) and enriched in

olfactory cilia (CM) membranes. Ten micrograms of each lipid

extract was loaded on the TLC plate. The following solvent was used:

Solvent C, hexane/ethyl ether/acetic acid (70:30:1, by vol). Only the

CHOL bands are shown (note that with Solvent C polar lipids do not

separate and are all together at the sample deposition line). The

quantitative analysis of CHOL content was performed by video-

densitometry (ImageJ software), using standard CHOL loaded on the

same plate to construct the calibration curve

Fig. 5 MALDI-TOF mass spectrum profiles of the lipid extract of pig

epithelial membranes in the negative (a) and positive (b) mode. The

insets enlarge the two regions m/z 900–1,000 and 1,400–1,500 and

show the comparison of the lipid profile of membranes isolated from

the whole epithelium (lower line) with that of membranes enriched in

olfactory cilia (upper line). PtdOh, phosphatidic acid; p-PtdEtn,

plasmenyl-phosphatidylethanolamine; S-GalCer, galactosylceramide

sulfated; Gb5, globopentaosylceramides
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The peak at m/z 906.6 in the inset of the mass spectrum

of Fig. 5a can be attributed to a sulfoglycosphingolipid,

precisely to the sulfated galactosylceramide (S-GalCer),

consisting of a C24:0 hydroxy-fatty acid plus the sphingoid

4-sphingenine (d18:1).

The mass spectrum acquired in the positive mode

(Fig. 5b) was dominated by PtdCho species: the peaks at

m/z 734.3, 760.4, 786.6 and 810.5 corresponded to the

molecular ions [M ? H]? of PtdCho 32:0, 34:1, 36:2 and

38:4, respectively; the minor peak at m/z 703.4 can be

attributed to the molecular ion [M ? H]? of the sphingo-

lipid CerPCho 16:0.

Furthermore the peaks at higher m/z suggested the pres-

ence of other complex glycosphingolipids, such as

gangliosides. The peaks between m/z 1,400 and 1,600

were attributed to globopentaosylceramides (Gb5), which

give strong [M ? Na]? ions, corresponding to glyco-

sphingolipids all containing a C18-sphingosine base and

various fatty acids. The oligosaccharide chain of these

glycosphingolipids consists of two N-acetylgalactosamine,

two galactose and one glucose residue. In particular the

major peaks at m/z 1,564.9 and 1,542.2 appear to correspond

to the [M ? Na]? and [M ? H]? ions of species containing

saturated fatty acids with 24 carbon atoms respectively,

while that at m/z 1,514.9 to the [M ? H]? ion of a specie

having C22:0. The minor peaks at m/z 1,487.5 and 1,592.7

can be attributed to the [M ? H]? ion of Gb5 with C20:0

and to the [M ? Na]? ion of Gb5 with C26:0, respectively.

Galactocerebrosides, giving signals in the range m/z

800–850, were not well distinct from the background.

The lipid extract obtained from the membrane fraction

enriched in cilia was also analyzed by MALDI-TOF-MS;

the mass spectra obtained (negative and positive mode)

were similar to those of whole-tissue membranes. Some

differences were found in the spectrum acquired in the

negative mode, in the intervals of m/z values 900–1,000

and 1,200–1,600. These regions of the MALDI-TOF mass

spectrum are reported in the insets of Fig. 5a, in order to

allow direct comparison of MALDI-TOF-MS lipid profiles

of the two different lipid extracts. It can be seen that in the

mass spectrum of CM lipid extract: (a) cardiolipin was

absent, in agreement with previous TLC data (see Fig. 2a);

(b) additional peaks were present between m/z 930–960

suggesting that the ciliary membranes contained other

sulfoglycosphingolipids, besides the S-GalCer at m/z 906

(see inset in Fig. 5a).

This last finding arises from the particularly high sensi-

tivity of MALDI-MS in the detection of sulfoglyco-

sphingolipids in the tissue lipid extracts; the cluster centered

at m/z 934 indicates, on qualitative basis, the presence of an

enrichment of long-chain sulfoglycosphingolipids (S-Gal-

Cer 26:0) in the specialized membrane of cilia.

Tables 2 and 3 report the main phospholipid and gly-

colipid classes, resulting from the MALDI-TOF-MS anal-

ysis of the total lipid extracts and individual TLC bands.

Like lipids of nervous tissue, polar lipids of the olfactory

mucosa contain mainly arachidonic (20:4) and stearic

(18:0) fatty acids.

Finally, in order to check for quantitative differences in

lipid composition between the whole-tissue and ciliary

membranes, the total lipid extracts of both the membrane

preparations were analyzed by 31P-NMR spectroscopy. In

order to assign NMR peaks to the lipid components in the

extracts, authentic standard phospholipids were analyzed

under the same experimental conditions and their chemical

shifts are reported in Table 4.

Table 2 MALDI-TOF signals of phospholipids of pig olfactory epithelium

Class of phospholipid Ion Total fatty acid carbon n:n of double bonds

(32:0) (32:1) (34:1) (34:2) (36:0) (36:2) (36:4) (38:4) (40:4) (16:0) (18:0) (22:0) (24:0) (36:4)

(36:4)

Ptd2Gro [M - H]- – – – – – – – – – – – – – 1,448

PtdOH [M - H]- – – – – 701 – – 723 – – – – – –

PtdEtn [M - H]- – – – – – 742 – 766 – – – – – –

p-PtdEtn [M - H]- – – – – – – – 750 – – – – – –

PtdCho [M ? H]? 734 – 760 – – 786 – 810 – – – – – –

PtdSer [M ? H]? – 734 – – – – – – – – – – – –

PtdSer [M - H]- – – – 760 788 – – 810 838 – – – – –

PtdIns [M - H]- – – – – – – 857 885 – – – – – –

CerPCho [M - H]? – – – – – – – – – 703 731 787 815 –

Data reported are obtained from the analysis of total lipid extracts and bands isolated from preparative TLC. The m/z values are reported. The

numbers (x:y) denote the total length and number of double bonds of both acyl chains, respectively, except for PtdEtn plasmalogen species

(denoted with p-PtdEtn), in which the acyl chain at the sn-1 position is replaced with an alkenyl. For CerPCho species, the numbers in brackets

correspond to the length and number of double bonds of the acyl chain, attached to the sphingosine base. For Ptd2Gro species, the numbers refer

to the two pairs of acyl chains
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By comparing the two NMR spectra illustrated in Fig. 6

it can be seen that PtdCho, PtdIns, PtdSer, PtdEtn and

CerPCho species were present in both the lipid extracts of

WM (a) and CM (b); PtdSer and CerPCho peaks (at about

0.9 ppm) were very close to each other and not well

resolved in the case of spectrum in panel a, because WM

possibly contain more PtdSer and CerPCho species

than CM.

The sums of the peak areas in the two spectra were

13.87 and 15.39 in CM and WM, respectively; this indi-

cates that the total lipid phosphorus per mg of total lipid

extract in CM was slightly lower than in WM and repre-

sents an indirect indication of the presence of an higher

proportion of glycosphingolipids in cilia, compared to

whole membranes. The last main peak at 1.05 ppm was

assigned to a plasmenyl-PtdEtn lipid, in agreement with a

previous literature report [19]; also the small, but clearly

visible peak at 0.18 ppm can be attributed to plasmalogen

PtdCho species, as well [19]. The Ptd2Gro peak in the

NMR profile of whole membranes was absent because its

relative proportion in the lipid extract was below the sen-

sitivity limit of NMR analysis.

The differences in the area peaks of the two NMR

spectra indicate that the proportions of various lipid classes

in the two lipid extracts were different. The area ratios

PtdEtn species/(PtdSer ? CerPCho) in CM and WM were

1.23 and 1.62 respectively, indicating that the proportion of

PtdEtn species (as the sum of diacyl- and acyl-alkyl forms)

was lower in CM extract in agreement with results from

TLC analyses (Figs. 2, 3).

Table 3 MALDI-TOF signals of glycolipids of pig olfactory epithelium

Class of

glycolipid

Ion m/z No. of

sulfated

residue

Chain length (carbon n:n of double bonds) Oligosaccharides (no. of residues)

Sphingoid Acyl Glc Gal GalNAc

S-GalCer 24:0 [M - H]- 906.6 1 18:1 24:0h – 1 –

S-GalCer 26:0 [M - H]- 934.5 1 18:1 26:0h – 1 –

Gb5 26:0 [M ? Na]? 1,592.7 – 18:0 26:0 1 2 2

Gb5 24:0 [M ? Na]? 1,564.9 – 18:0 24:0 1 2 2

Gb5 24:0 [M ? H]? 1,542.2 – 18:0 24:0 1 2 2

Gb5 22:0 [M ? H]? 1,514.9 – 18:0 22:0 1 2 2

Gb5 20:0 [M ? H]? 1,487.5 – 18:0 20:0 1 2 2

S-GalCer, galactosylceramide sulfate; Gb5, globopentaosylceramide; Sphingoid, amino-alcohol chain; Acyl, fatty acid; h, hydroxylated fatty

acid; Glc, glucose; Gal, galactose; GalNAc N-acetylglucosamine

Table 4 31P-chemical shifts of standard phospholipids

Lipid ppm

PtdCho 0.115

PtdIns 0.621

CerPCho 0.911

PtdSer 0.894

PtdEtn 1.066

Ptd2Gro 1.148

Chemical shifts are referenced to 85% H3PO4 as an external standard.

The samples were prepared in the Cs/EDTA analytical reagent, as

described in ‘‘Methods’’

Fig. 6 31P-NMR spectra of the lipid extract of whole-tissue (a) and

enriched in olfactory cilia (b) membranes. The areas of peaks are

reported below the x-axis

600 Lipids (2010) 45:593–602

123



Discussion

Lipid research can offer important elements to complete

our understanding of the genesis of sensory perception

pathologies. For example anosmia, i.e. the inability to

perceive odors, can arise from loss of olfactory cilia or

impairment in the olfactory signaling cascade [20]. The

complete comprehension of the mechanisms of ciliogenesis

and assembly of membrane signaling molecules requires an

integration of lipid and protein studies.

The present paper describes the results of a study on

cellular lipids of porcine olfactory mucosa, previously

selected to investigate the response of olfactory cilia to

explosives, in the frame of an investigation to understand

the molecular basis of the ability of an animal nose to

detect buried landmines [21]. In the pig nose the olfactory

mucosa is well distinct from the respiratory mucosa, while

in other mammals technical difficulties are often involved

in obtaining olfactory tissue from ethmoids without con-

comitant excision of non-olfactory tissue [7].

As the olfactory mucosa consists of three cell types

(olfactory sensory neurons, supporting and basal cells),

results of whole membrane lipid analyses refer to the

average lipid composition of membranes arising from the

different cell types in the epithelium.

A combination of a number of different analytical

techniques was used to analyze in detail the lipids of

olfactory neuroepithelium together with the novel MALDI-

TOF-MS approach based on the use of the versatile matrix

9-aminoacridine [15].

The results shown here indicate that the lipid composition

of olfactory mucosa in pig is similar to that of bovine and rat

[6, 7]. Phospholipids account for about 85–90% (by weight)

of the total lipid of mucosa, with zwitterionic lipids (PtdEtn,

PtdCho and CerPCho) being more abundant (about 70%)

than anionic species (PtdSer, PtdIns, Ptd2Gro, PtdOH). Most

phospholipids show a polyunsaturated fatty acid content

with the arachidonic acid (20:4) residue predominating. The

fatty acids in sphingomyelin, however, are totally saturated

and include C16:0, C18:0, C22:0, and C24:0 chains.

Although separation of acyl-acyl from alkyl-acyl forms of

phospholipids cannot be easily achieved by TLC, NMR anal-

yses reveal that peak areas of alkyl-acyl PtdEtn almost equal

the diacyl-PtdEtn species, as previously reported for mam-

malian brain tissue [22]. MALDI-TOF-MS analyses indicate

that the main PtdEtn species contain C18 and C20 chains.

As regards glycosphingolipids, sulfoglycosphingolipids

having C24:0 hydroxy-fatty acid and the sphingoid

4-sphingenine (d18:1), and pentaosylceramides containing

a C18-sphingosine base and various fatty acids, were only

detected by MALDI-TOF analysis.

Here information on the lipid composition of a mem-

brane fraction enriched in olfactory cilia is also reported. In

the past biochemical exploration of the olfactory cilia was

mostly based on a membrane preparation protocol estab-

lished by Chen and Lancet [9]. Thus, the examination of

the cilia preparations yields many of the molecular details,

which support the current concept for olfactory signal

transduction. In the present study we isolated a membrane

fraction enriched in ciliary membranes of about the same

quality as the analogous preparation obtained by other

authors from rat tissue [23]. The lack of cardiolipin in the

lipid extract of cilia represents a good internal index of the

absence of mitochondrial and possibly other intracellular

membranes in our preparation. However, we cannot

exclude the presence of microvillar fragments of support

cells in our ciliary membrane preparation.

In summary, the present analysis of the lipid extracts of

whole-tissue membranes and enriched ciliary membranes

shows that: (1) PtdEtn species are less abundant in ciliary

membranes than in total epithelial membranes (TLC and

NMR findings), and (2) long-chain sulfoglycosyl-

sphingolipids (S-GalCer 26:0) are enriched in ciliary

membranes compared to the crude olfactory membranes.

The roles of sulfoglycosylsphingolipids in metabolism and

functions of nervous tissue have been recently reviewed

[24]. In principle, given the importance of lipids in signal-

ing, any difference in the lipid bilayer composition might be

considered a factor that can affect the membrane trans-

duction properties. A decrease of membrane PtdEtn content

was previously described in brain pathologies [22]. In

olfactory cilia a decrease of PtdEtn level implies an increase

in other membrane lipids, such as CerPCho, PtdSer and

PtdIns, having a well known role in the assembly of lipid

rafts (CerPCho, PtdSer) and signal transduction (PtdIns).

On the other hand, PtdEtn is preferentially located in the

inner membrane leaflet, where it is associated with acidic

phospholipids such as PtdIns [25]. Being cone-shaped

phospholipid, PtdEtn can influence the determination of

membrane curvature; it has been reported that intracellular

tubular membranes of Golgi apparatus have a minor

amount of PtdEtn compared to plasma membrane [25]. The

possibility of a correlation between the low PtdEtn content

and the high curvature in cross section of tubules of

olfactory cilia remains to be investigated.

Although the presence of cholesterol-rich rafts in the

olfactory cilia has been indirectly suggested by some bio-

chemical studies [4, 5], here no cholesterol enrichment was

found in the lipid extract of the ciliary membranes. How-

ever it should be considered that the analysis of the CM

lipid extract gives information on the average lipid com-

position of the membrane lining the long (up to 100 lm)

tubular structure of cilia, which presumably consist of

different biochemical and functional domains.

In particular as it has been shown that cholesterol is

absent at the necklace (or base) of the ciliary structure [26,
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27], cholesterol in the CM lipid extract might represent the

average of cholesterol in the proximal and distal tubular

membranes. In conclusion, we cannot exclude the presence

of cholesterol-rich domains (i.e., rafts) in ciliary mem-

branes on the basis of the lack of cholesterol enrichment in

the lipid extract of ciliary membranes.

Another element of complexity in the interpretation of

lipid data arises from the recent finding that the chemo-

sensory apparatus of cilia is also present at the level of the

emergency cone of the sensory olfactory axon [28].

Here besides reporting the first lipidomic data on

olfactory mucosa in toto, we show for the first time the

presence of different lipid domains in the membranes of

neuroepithelial olfactory cells. Our study complements

recent proteomic studies, in which many ciliary proteins,

that mediate chemo-electrical transduction, amplification

and adaptation of the primary sensory signal, have been

identified [29–32].
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S, Möhrlen F (2008) Proteomic analysis of a membrane preparation

from rat olfactory sensory cilia. Chem Senses 33:145–162

31. Mayer U, Kuller A, Daiber FC, Neudorf I, Warnken U, Schnolzer

M, Frings S, Mohrlen F (2009) The proteome of rat olfactory

sensory cilia. Proteomics 9:322–334

32. Saavedra MV, Smalla KH, Thomas U, Sandoval S, Olavarria K,

Castillo K, Delgado MG, Delgado R, Gundelfinger ED, Bacigalupo

J, Wyneken U (2008) Scaffolding proteins in highly purified rat

olfactory cilia membranes. Chem Senses 19:1123–1126

602 Lipids (2010) 45:593–602

123

http://dx.doi.org/101194/jlrD004077


ORIGINAL ARTICLE

Reversible Inhibitory Effects of Saturated and Unsaturated Alkyl
Esters on the Carboxylesterases Activity in Rat Intestine

Ping Li • Chun-liu Zhu • Xin-xin Zhang • Li Gan •

Hong-zhen Yu • Yong Gan

Received: 3 March 2010 / Accepted: 19 May 2010 / Published online: 8 June 2010

� AOCS 2010

Abstract This study was conducted to investigate the

relationship between the carbon chain length/double bonds

of alkyl esters and their inhibitory potency/mechanism on

carboxylesterases (CESs). CESs activity was evaluated by

inhibition of adefovir dipivoxil (ADV) metabolism in rat

intestinal homogenates. Furthermore, the inhibitory effect of

BNPP and ethyl (E)-hex-2-enoate (C8:1) on drug absorption

was evaluated in situ intestinal perfusion model. The results

showed that the rank order of the inhibitory potency on CESs

was C10:0 [ C8:0 [ C6:0 [ C4:0 [ C12:0, C8:1 [ C8:0,

C6:1 [ C6:0, while the esters (C14:0, C13:1, C16:0, C18:0,

C17:1, C20:0) were found to have no inhibitory effect at

investigated concentrations. However, the unsaturated esters

(C20:1, C20:2, C20:3) displayed the inhibitory effect on

CESs. Moreover, the double reciprocal plots indicated that

alky esters inhibited the CESs in competitive and mixed

competitive ways which were reversible. In addition, the

result of most effective CESs inhibitor C8:1 from in situ

experiment showed that C8:1 can inhibit the CESs-mediated

intestinal metabolism and improve the drug absorption. And

the inhibition had no time-dependent effect, compared with

that of BNPP groups. The study suggested that alkyl esters

can be served as effective and reversible CESs inhibitors,

besides that their inhibitory potency/mechanism can be

affected by their carbon chain length/double bonds.

Keywords Carboxylesterases � Metabolism �
Enzyme inhibitor � Ethyl esters � Methyl esters �

Inhibitory mechanism � In situ intestine �
Adefovir dipivoxil

Abbreviations

ADF Adefovir

ADV Adefovir dipivoxil

BNPP Bis-p-nitrophenylphosphate

CESs Carboxylesterases

EE Ethyl (E)-hex-2-enoate

LDH Lactate dehydrogenase

Mono-ADV Mono-(POM) PMEA

Introduction

The mammalian carboxylesterases (CESs; EC.3.1.1.1)

belong to the a/b hydrolase-fold family of enzymes which

are highly expressed in liver, intestine and kidney [1–3].

These enzymes are responsible for activation of ester pro-

drugs such as antitumor drugs (CPT-11 and capecitabin),

antiviral drugs (tenofovir disoproxil and bis(POC)-PMPA)

and narcotics (cocaine, heroin, and meperidine) [4–7]. They

also play an important role in detoxification of many

insecticides [8] and pharmaceuticals [9]. Because CESs

metabolize a range of pharmaceuticals, the use of its

inhibitors could potentially be valuable in modulating the

efficacy of these therapeutics. Thus, studies concerned about

inhibitors of CESs have attracted increased interest recently.

A number of different structural motifs have been

developed for the inhibition of CESs, for example,

organophosphates, trifluoromethyl ketones and aromatic

ethane-1, 2-diones [10–12]. However, none of these

inhibitors has been used in laboratory animals as oral

administration, due to the unclear biocompatibility. While
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some of the fruit extracts like edible strawberry juice [5, 13]

and grapefruit juice [14, 15] are reported as relative safe

CESs inhibitors, which can also be also used orally. The

fruit extracts can inhibit the CESs because they contain

various flavoring esters which have the ability to inhibit the

CESs. In previous studies, several kinds of alkyl esters were

described as inhibitors, such as: ethyl butyrate, ethyl cap-

roate and so on [6, 13]. However, the relationship between

the carbon chain length/double bonds of alkyl esters and the

potency of CESs inhibition has not been described. There-

fore, in our paper, we compared with each other various

alkyl esters’ inhibitory potency on CESs. Then we deter-

mined the relationship between the carbon chain length/

double bonds of the alkyl esters and their inhibitory potency

on CESs. Furthermore, we characterized the type of inhib-

itory mechanism of the selected ethyl esters and evaluated

the inhibitory effect on drug absorption by the in situ per-

fusion experiment of rat.

Experimental Procedure

Materials

ADV and ADF were bought from the Sunheat Chemical

Co. (Purity[96%). (Shanghai, China). Mono-ADV (Purity

[98%) was a gift from Taizhou Shanhyu Chemical Import

and Export Co. (Hangzhou, China). Ethyl acetate ([99%),

ethyl caproate (99%), ethyl oleate (98%) were all pur-

chased from the Sinopharm Chemical Reagent Co.

(Shanghai, China). Ethyl butyrate (99%), ethyl caprylate

(98%), capric acid ethyl ester (98%), ethyl laurate (98%),

and ethyl myristate (98%), ethyl palmitate (98%) were

purchased from the Shenbao Flavors and Fragrances Co.

(Shanghai, China). Ethyl stearate (99%) was from the

QianWei Oil Science & Technology Co. (Shanghai,

China). Ethyl linoleate (99%) was a gift from the JinBan

Food Co. (Shanghai, China). Ethyl c-linolenate (99%) was

purchased from the Energy Chemical Co. (Shanghai,

China). Ethyl (E)-hex-2-enoate (98%) was from the Apple

Flavors and Fragrances Co. (Shanghai, China). Crotonic

acid ethyl ester (98%) was purchased from TCI Co.

(Shanghai, China). 11-Dodecenoic methyl ([99%) and

palmitelaidic acid methyl ester ([99%) were purchased

from the Shanghai Zhongyitai International Trading Co.

(Shanghai, China). BNPP (Purity [98%) was purchased

from Sigma (Shanghai, China). Hanks’ balanced salt

solution (HBSS) was composed of 0.40 g/l KCl, 0.06 g/l

KH2PO4, 8.00 g/l NaCl, 0.05 g/l Na2HPO4 (anhydrous),

1.00 g/l D-glucose, 0.35 g/l NaHCO3, and was adjusted to

pH 7.4. Krebs–Ringer Buffer (K–R) composition: 7.80 g/l

NaCl, 0.35 g/l KCl, 0.37 g/l CaCl2, 1.37 g/l NaHCO3,

0.02 g/l NaH2PO4, 0.02 g/l MgCl2, 1.48 g/l D-glucose

(pH 6.8). Double distilled water was used. All other

chemicals were of reagent grade.

Animals

Male Sprague–Dawley (SD) rats (body weight 280 ± 20 g)

were obtained from the Medical Animal Test Center of the

Shanghai Institute of Materia Medica (Shanghai, China).

All experiments were performed according to the Shanghai

Institute of Materia Medica guidelines for experimental

animal care. The rats were fasted for 12 h prior to the

experiment and had free access to water.

Preparation of Homogenates from Rat Intestinal

Mucosa

The intestinal homogenates were prepared following the

method used by Van Gelder et al. [16]. Briefly, the rat

jejunum excised within 30 min after anesthetizing the

animals, subsequently, a 20 cm segment was cut along the

longitudinal axis and washed with ice-cold HBSS (pH 7.4)

to remove the intestinal contents. Mucosa was removed by

scraping with a glass microscope slide. The scrapings were

homogenized at 0 �C in 10 ml of cold HBSS for 5 min

using Ultra Turrax (IKA, Type T 10B, Guangzhou, China)

at 6,000 rpm. After centrifugation at 10,000 rpm for

10 min at 4 �C, the supernatants were harvested and kept at

-20 �C. The protein content was prepared to 0.1 mg/ml as

an enzymatic preparation according to the Bradford

method [17] using BSA as the standard when being used.

IC50 Determination

To determine the IC50 (concentration of inhibitors that

results in 50% inhibition of original esterase ability) value

[18]: the enzymatic preparations (0.1 mg/ml) were prein-

cubated for 5 min; then the ADV solutions (10 mM DMSO

stock solution) together with various concentrations of the

inhibitors were added and incubated for 15 min at 37 �C.

The same system without inhibitors served as the control

group. The final drug concentration was always 100 lM

and the final DMSO concentration was 1% which had no

effect on esterase activity. By taking 100 ll of the incuba-

tion solution into 200 ll of ice-cold methanol, the reactions

were stopped. The concentration range of each inhibitor

was as follows: C4:0 ethyl acetate (6.38–102.15 mM); C6:0

ethyl butyrate (3.12–49.93 mM); C8:0 ethyl caproate

(2.57–41.14 mM); C10:0 ethyl caprylate (2.10–33.67 mM);

C12:0 capric acid ethyl ester (11.11–177.72 mM); C6:1

crotonic acid ethyl ester (3.36–53.74 mM); C8:1 ethyl

(E)-hex-2-enoate (2.78–44.54 mM); C14:0 ethyl laurate

(37.79–151.16 mM); C16:0 ethyl myristate (33.54–

134.15 mM); C18:0 ethyl palmitate (30.13–120.50 mM);

604 Lipids (2010) 45:603–612

123



C20:0 ethyl stearate (33.82–135.28 mM); C13:1 11-Do-

decenoic methyl ester (38.14–152.54 mM); C17:1 palmit-

elaidic acid methyl ester (32.60–130.39 mM); C20:1 ethyl

oleate (1.17–18.68 mM); C20:2 ethyl linoleate (1.18–

18.80 mM); C20:3 ethyl c-linolenate (1.24–19.87 mM). All

the alkyl esters were expressed according to the literatures

[19, 20] and their structures are described in Fig. 1. By

taking 100 ll of the incubation solution into 200 ll of ice-

cold methanol, the reactions were stopped. The samples

were vortexed for 20 s and centrifuged at 8,000 rpm for

5 min at 4 �C, then the supernatant was taken and analyzed

by HPLC as described below.

Inhibitory Mechanism of Ethyl Caproate,

Ethyl (E)-hex-2-enoate and Ethyl Oleate

Three esters (C8:0, C8:1 and C20:1) were chosen and

represented the saturated short-chain esters, the unsaturated

short-chain esters and the unsaturated long-chain esters

respectively. To characterize the inhibitory models of

the representative esters, the enzymatic preparations

(0.1 mg/ml) were preincubated for 5 min; then the ADV

solution (10 mM DMSO stock solution) was added and

incubated in the presence of various concentrations of the

inhibitors for 5 min at 37 �C. The final drug concentration

ranges from 25 to 100 lM. The concentration range

of each inhibitor was as follows: ethyl caproate

(0–41.14 mM); ethyl (E)-hex-2-enoate (0–44.54 mM);

ethyl oleate (0–18.68 mM). All samples were processed

and analyzed as described in section ‘‘IC50 determination’’.

The enzyme kinetics equations were as follows:

V ¼ Vmax½S�
Km 1þ ½I�Ki

� �
þ ½S�

1

½V � ¼
Km

Vmax

1þ ½I�
Ki

� �

� 1

½S� þ
1

Vmax

ð1Þ

where [S] is the concentration of the substrate (lM), [I] is

the concentration of the inhibitor (mM).

In Situ Perfusion Experiments with Superior

Mesenteric Vein Blood Sampling

In situ perfusion experiments were performed primarily

based on a previously described method [13, 21, 22] with

modifications. Briefly, Male Sprague–Dawley (SD) rats

were used. The terminal 10–20 cm of the ileum was

cannulated. Blood from the superior mesenteric vein was

collected in heparinized tubes at 27.5 min. In addition,

100 ll samples were taken from the perfusion medium

after 2.5, 7.5, 12.5, 17.5, 22.5, and 27.5 min respectively.

Then each of the sample was added to 400 ll of ice-cold

methanol to stop the reaction and processed as in the sec-

tion ‘‘IC50 determination’’ before being analyzed by HPLC.

ADV absorption was evaluated in the absence (control

group) of two CESs inhibitors ethyl (E)-hex-2-enoate (EE)

and BNPP. In the control group, the investigated intestine

was pre-exposed for 40 min to a K–R (pH 6.8) solution.

Posteriorly, an isotonic solution of ADV (200 lM) was

perfused. In additional experimental groups, we analyzed

the effect of previous exposure (40 min) to the BNPP

(400 lM)/EE (63.3 mM) upon ADV intestinal absorption

and the absorption assay was performed as previously

described. In BNPP/EE group I, after being pre-exposed

identically as the control group, in the absorption experi-

ment, a solution containing ADV (200 lM) plus BNPP

(400 lM)/EE (63.3 mM) was perfused. In BNPP/EE group

II, the investigated intestine was pre-exposed to an isotonic

and buffered solution of BNPP (400 lM)/EE (63.3 mM)

for 40 min, the absorption experiment was carried out as in

BNPP/EE group I. Perfusate samples were tested for lactate

dehydrogenase (LDH) release to measure cellular mem-

brane damage using the LDH kit (Nan Jing Jian Cheng

Shen Wu Yan Jiu Suo, 50T, Shanghai, China) [6].

HPLC Analysis for Drug Concentration In Vitro

ADV and its metabolite Mono-ADV were analyzed using

a validated HPLC method with some modifications [23].

The HPLC system (Model SIL-20A, Shamadzu, Japan)

was composed of an autosampler (SIL-20A), a pump

(LC-20AT), a diode array detector (SPD-M20A) and a

work station (Shimadzu liquid chromatography). The col-

umn used was Intersil ODSC18 (4.6 mm9150 mm, 5 lm).

The inject volume was 20 ll and the flow rate was 1 ml/

min, mobile phase B consisted of 50 mM ammonium

acetate buffer solution, 2 mM tetrabutylammonium

hydrogen sulfate (pH 4.0); while A consisted of total

methanol. Separation was carried out with 95% mobile

phase B over 5 min, followed by a linear gradient from

95% to 30% mobile phase B over 5 min and with an iso-

cratic stage of 5 min, then return to the initial condition

(95% phase B) for 5 min. The retention time for ADV,
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Fig. 1 The chemical structures of the alkyl esters
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mono-ADV was 17.2, 14.6 min respectively. The intra-day

and inter-day RSD were all below 5% for ADV concen-

tration ranging from 0.625 to 40 lg/ml and mono-ADV

concentration ranging from 0.625 to 40 lg/ml.

LC/MS/MS Analysis for Plasma Drug Concentration

The concentration of Mono-ADV and ADF in plasma was

determined by a validated LC–MS/MS method [24],

wherein, 9-(3-phosphonylmethoxypropyl) adenine was

selected as the internal standard. The serum sample

(0.2 ml) was pretreated by precipitating protein with

methanol (0.4 ml) and the supernatant was injected for

analysis. The analyte was separated on a Diamonsil C18

column (25094.6 mm i.d., 5 lm; Beijing Dikma Co.,

Beijing, China) by isocratic elution with methanol: water:

formic acid (20: 80: 1 v/v/v) at a flow rate of 0.5 ml/min

and analyzed by an API 4000 triple-quadrupole mass

spectrometric instrument (Applied Biosystems, Foster City,

CA, USA) in multiple reaction monitoring mode. An

electrospray ionization (ESI) source was applied and

operated in the positive ion mode. Selected reaction mon-

itoring (SRM) mode with the transitions of m/z 274 ? m/z

162, m/z 388 ? m/z 256/358 and m/z 288 ? m/z 176 were

used to quantify ADF, mono-ADV and the internal stan-

dard, respectively. The linear calibration curve was

obtained in the concentration range of 0.02–4.0 lg/ml for

ADF and 0.001–1.0 lg/ml for mono-ADV. The lower limit

of quantitation of ADF/mono-ADV was 0.02/0.001 lg/ml.

Data Analysis

For the determination of the IC50/Ki values, all analyses

were performed using the mean values obtained from two

independent experiments. The esterase activities in the

presence of the inhibitors were expressed as percentages of

the corresponding control values. The IC50 value was

determined graphically. Moreover, the ClogP was calcu-

lated at http://www.organic-chemistry.org/prog/peol. The

inhibition model was evaluated by graphical analysis with

Lineweaver–Burk double reciprocal plots (1/[velocity]

versus 1/[substrate]). Fits to competitive, noncompetitive,

or mixed type inhibition models were evaluated according

to the method described by Tseng SJ [25]. The Ki/Ki
0

values were calculated according to the following ways.

Slopes of the inhibition lines were determined from linear

regression analysis and converted to apparent Km/Vm

(Km/Vm, app) values. Apparent Km/Vm values were then

plotted versus the concentration of inhibitors to generate Ki

values (the x-intercepts of the linear regression line).

Likewise, the y-intercepts were determined from linear

regression analysis and converted to apparent 1/Vm (1/Vm,

app) values. Apparent 1/Vm values were then plotted versus

the concentration of inhibitors to generate Ki
0 values (the

x-intercepts of the linear regression line).

For the perfusion experiments, on the one hand, due to

slight variations in perfusate concentrations, the calculated

steady-state perfusate concentration of ADV in each

experiment was normalized to a target concentration of

200 lM, and the steady-state perfusate concentration of

mono-ADV in each experiment was calculated as increased

mono-ADV; on the other hand, results of the perfusion

experiments with ADV absorption were expressed as ADV

metabolites (ADF plus mono-ADV) appearing in the

mesenteric plasma.

Statistical Analysis

All values were expressed as means ± standard deviation

(SD). Statistically difference were determined by ANOVA

followed by Tukey’s test for multiple comparisons at a

significance level of P = 0.01 or 0.05. All statistical

analysis was performed using the GraphPad Instat for

windows version 3.05 (GraphPad Software, Inc., CA,

USA).

Results

IC50 Determination

Table 1 summarizes the comparative inhibitory effects of

saturated alkyl esters and unsaturated alkyl esters on the

metabolite formation in rat intestinal homogenates. The

ADV was chosen as a probe and the CESs activity was

evaluated by measuring metabolite formation in intestinal

homogenates. The IC50 value was determined by plotting

the log concentration versus relative remaining esterase

activity of each test sample using software Origin 8.0, as

shown in Figs. 2 and 3. The results showed that inhibitory

potency of alkyl esters was based on their carbon chain

length and the number of double bounds in the esters. The

rank order of the inhibitory potency on CESs was

C10:0 [ C8:0 [ C6:0 [ C4:0, with a chain length of the

esters less than or equal to 10. As the chain length of esters

increases to 12, the inhibitory potency decreased acutely;

and when the chain length of esters exceeded 12, both the

saturated esters (C14:0, C16:0, etc.) and unsaturated esters

(C13:1, C17:1) were found to have no inhibitory effect at

investigated concentrations. However, the inhibitory effect

emerged as the double bonds appear in the long-chain alkyl

esters, like the C20:1, C20:2, etc. In addition, we compared

the inhibitory potency between the saturated ethyl

esters and unsaturated ethyl esters with the same carbon

chain length. We found that unsaturated ethyl esters dem-

onstrated even stronger inhibitory potency compared with
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the saturated ethyl esters, for instance: C8:1 [ C8:0,

C6:1 [ C6:0.

Inhibitory Mechanism Determination

Type of inhibition of each inhibitor on CESs is shown in

Fig. 5 and the Ki/Ki
0 values of them are also presented in

Table 2. The Lineweaver–Burk plots below proved that all

three investigated alkyl esters were reversible inhibitors,

with different plots indicating different mechanisms. The

inhibition lines of ethyl caproate intersect on the y-axis,

illustrating that such inhibitors do not affect Vmax, showing

a competitive inhibitory mechanism. Similarly, the inhi-

bition lines of ethyl (E)-hex-2-enoate intersect on the

second quadrant, displaying a mixed competitive inhibitory

mechanism. The results showed that ethyl oleate with long

carbon chain also inhibit CESs in a mixed competitive

way, with the inhibition lines intersect on the second

quadrant.

In Situ Perfusion Experiments with Superior

Mesenteric Vein Blood Sampling

Figure 6a shows the disappearance of ADV equivalents

(ADV plus mono-ADV) and the appearance of a mono-

ADV metabolite in the lumen during perfusion of the rat

intestinal segment with ADV in the pre-exposed or

co-perfused of BNPP (400 lM). A significant (P \ 0.05)

Table 1 IC50 values of alkyl esters on inhibiting the metabolism of ADV mediated by CESs

Alkyl esters IC50 (mM) ClogP Alkyl esters/reference inhibitor IC50 (mM) ClogP

C4:0 ethyl acetate 124.1 ± 43.5 0.91 Reference inhibitor (3.3 ± 1.2) 910-4

C6:0 ethyl butyrate 70.2 ± 26.8 1.84 C6:1 crotonic acid ethyl ester 9.5 ± 3.6 1.48

C8:0 ethyl caproate 26.4 ± 4.3 2.77 C8:1 ethyl (E)-hex-2-enoate 5.6 ± 0.8 2.41

C10:0 ethyl caprylate 9.2 ± 1.0 3.7 C13:1 11-Dodecenoic methyl NI 4.82

C12:0 capric acid ethyl ester 865.7 ± 515.6 4.63 C17:1 palmitelaidic acid methyl ester NI 6.62

C14:0 ethyl laurate NI 5.55 C20:1 ethyl oleate 7.5 ± 2.4 7.98

C16:0 ethyl myristate NI 6.48 C20:2 ethyl linoleate 31.6 ± 1.0 7.62

C18:0 ethyl palmitate NI 7.41 C20:3 ethyl c-linolenic 21.0 ± 8.3 7.26

C20:0 ethyl stearate NI 8.34

NI Non-inhibited

Reference inhibitor BNPP was used as the specific inhibitor of CESs
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Fig. 2 The IC50 determination of saturated ethyl esters in intestinal

homogenates of rat. Activities were expressed as a percentage of
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means ± SD error bar of duplicate determinations
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decrease of ADV equivalents was observed in BNPP group

I and II at 27.5 min, compared with that of control group;

meanwhile, there was a very significant (P \ 0.01)

increase in mono-ADV metabolite in the lumen at 27.5 min

in the control group, compared with that of both BNPP

groups; simultaneously, a 4.4/2.2-fold increase in ADV

metabolites appearing in the plasma was observed at

27.5 min in BNPP groups II/I respectively, as compared

with the control group (Fig. 7). On the other hand, the

effect of prior 40 min exposure of the rat intestine to BNPP

in BNPP group II increased the drug disappearance at

27.5 min significantly with respect to the BNPP group I

(P \ 0.05) (Fig. 6a); in addition, a significant (P \ 0.05)

appearance of mono-ADV metabolite was observed at

27.5 min in BNPP group I, compared with that of BNPP

group II; meanwhile, a 0.8-fold increase in ADV metabo-

lites appearing in the plasma was observed in BNPP group

II, compared with BNPP group I (Fig. 7).

Figure 6b shows the disappearance of ADV equivalents

and the appearance of mono-ADV metabolite in the lumen

during perfusion of the rat intestinal segment with ADV in

the pre-exposed or co-perfused of EE (63.3 mM). A sig-

nificant (P \ 0.01) decrease of ADV equivalents was

observed in both two EE groups at 27.5 min, compared

with that of the control group; in addition, a significant

(P \ 0.01) appearance of mono-ADV metabolite was

observed in control group, compared with that of two EE

groups; simultaneously, a similar increase (1.0/1.2-fold) of

ADV metabolites absorbing in the plasma was observed at

27.5 min in EE group II/I respectively, as compared with

the control group (Fig. 7). On the other hand, the effect of

prior 40 min exposure of the rat intestine to EE in EE

group II did nöt increase the drug disappearance or

decrease the metabolite formation with respect to the EE

group I (P = 0.1/0.8) (Fig. 6b); meanwhile, no more ADV

metabolites appearing in the plasma was observed in EE

group II, compared with EE group I (Fig. 7).

Discussion

Previous studies have demonstrated that alkyl esters could

be one kind of safe and effective CESs inhibitor, however,

no other studies concerning the relationship between the

alkyl esters’ structure and inhibitory potency have been

reported [6, 13]. It is necessary to provide structure-related

insights into the interaction between CESs and alkyl esters.

Thus, the development of alkyl esters for use in modulating

CESs-mediated metabolism in vivo would be easier.

The present study investigated the influence of carbon

chain length and level of unsaturation on the inhibitory

potency of a homologous series of esters (Figs. 2, 3, 4). As

we can see, there are four kinds of alkyl esters in this

homologous series of esters. They are saturated short-chain

esters (C4–C12), unsaturated short-chain esters (C4–C12),

saturated long-chain esters (C14–C20), unsaturated long-

chain esters (C14–C20). The result of saturated short-chain

esters was inconsistent with previous studies, as shown in

Fig. 4a, there is linear correlation between carbon chain

length and IC50 values with R2 = 0.933 [6]; besides, we

found that IC50 values were also dependent on ClogP

values of the saturated short-chain esters, which was in

line with the CESs inhibitors isatins [12]. Meanwhile,

Table 2 Ki/Ki
0 values and inhibitory models of alkyl esters on

inhibiting the metabolism of ADV mediated by CESs

Alkyl esters C8:0 ethyl

caproate

C8:1 ethyl

(E)-hex-2-enoate

C20:1 ethyl

oleate

Ki/Ki
0 (mM) 18.3 11.8/9.3 5.6/21.7

Models Competitive Mixed competitive Mixed competitive
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Fig. 4 The relationship between carbon chain length/ClogP of ethyl

esters and inhibitory potency
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unsaturated short-chain esters demonstrated even stronger

inhibitory potency compared with the saturated short-chain

esters, which has not been reported before. Furthermore,

both the saturated long-chain esters (C14:0, C16:0, C18:0,

C20:0) and unsaturated long-chain esters (C13:1, C17:1)

showed no inhibitory effect on CESs. But the unsaturated

long-chain esters (C20:1, 2, 3) demonstrated a similar

inhibitory potency as the saturated short-chain esters did,

which has not been reported before. According to the lit-

erature [26], fatty acid esters like C20:1 may be hydrolyzed

by CESs in vivo, which indicates that fatty acid esters can

interact with the enzyme. It then explains why the (C20:1,

2, 3) demonstrated an inhibitory potency similar to that of

the saturated short-chain esters. Moreover, the fatty acid

esters are often employed as an excipient in lipid formu-

lation as the oil phase or cosurfactant [27], which makes it

possible to incorporate the fatty acid esters as CESs

inhibitors into the formulations, thus improving the

absorption of ester prodrugs. In addition, the above-

mentioned different inhibitory potencies of these esters

may be due to various affinities of esters for the active

pocket of CESs [28, 29]. As reported [6], there are all kinds

of physiochemical characteristics that can affect the

inhibitor’s affinity to the active site of the enzyme,

including the size, steric hindrance and hydrogen bonding

potential. In our study, we chose a homologous series of

esters with different carbon chain length and level of un-

saturation of carboxylic acids, which would lead to dif-

ferent steric hindrances and hydrogen bonding potentials

respectively, thus finally influence the inhibitors’ affinity to

the active site of the enzyme, resulting in different inhib-

itory potency.

Our result also showed that the structure of the inhibitors

can also affect the inhibitory mechanism. According to the

Lineweaver–Burk plots (Fig. 5), all investigated ethyl

esters demonstrated reversible inhibitory mechanism but

with different specific ones. The ethyl caproate (C8:0) can

inhibit the CESs in a competitive mechanism, which may

be owing to its similar structure to the real substrate of the

CESs [30]. Because ADV is the substrate of CESs [22], the

C8:0 and ADV compete for access to the active pocket of

CESs. However, the ethyl (E)-hex-2-enoate (C8:1) and

ethyl oleate (C20:1) indicated the different inhibitory

mechanisms of CESs. The exact reason for the observa-

tions was unknown, but one possible explanation is that the

CESs utilizes a two-step serine hydrolase mechanism
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involving the formation of a covalent acyl-intermediate on

the active site serine residue, enabling larger and more

varied substrate molecules access to the buried catalytic

residues [31]. As reported, unsaturated fatty acids could

bind to CYP enzymes to form a type I spectral change and

inhibit the metabolism of some drugs, but saturated fatty

acids, were not capable of producing the type I spectral

change when binding to CYP enzymes [32]. Thus, we

hypothesized that the unsaturated alkyl esters might bind to

the CESs-substrate complexes, which would cause the

enzymes’ conformation change, reducing the enzyme

activity and showing a mixed inhibitory mechanism [33].

Rat ileum perfusion was used to study the effect of CESs

inhibitors on the intestinal absorption of the prodrug ADV,

because of the similar degradation rate of its homologue

prodrug tenofovir disoproxil in homogenates from rat

ileum compared with homogenates from human ileum [17].

EE (C8:1) was chosen to be studied in the intestinal per-

fusion experiment, owing to its strongest inhibitory effect

on CESs (Table 1). The result of the perfusion study

showed that a significant decrease in mono-ADV metabo-

lite formation during perfusion in the presence of BNPP/

EE (Fig. 6), indicated that ADV was protected against

CESs-mediated metabolism by BNPP/EE. In addition,

there was increased absorption of ADV in BNPP/EE

groups (Fig. 7), which was in accordance with the drug

disappearance in perfusate. This is because BNPP/EE can

prevent ADV from degrading into its metabolites and more

prodrug ADV remained (Fig. 6). Since the prodrug ADV is

more permeable than its metabolites [23], the absorption

could be enhanced in the presence of BNPP/EE. Moreover,

according to our results, 40 min of intestine pre-exposure

to BNPP decreased the mono-ADV metabolite formation

and increased ADV absorption versus the BNPP group I

(Figs. 6a, 7), which suggested that BNPP inhibition has

time-dependent effect. This can be attributed to BNPP’s

covalent binding to the CESs, which is irreversible. Con-

sequently, a CES-inhibited condition might be obtained by

40 min preperfusion with BNPP at 400 lM [34–36].

However, 40 min of intestine pre-exposure to EE didn’t

show any difference with the EE group I which had no pre-

exposure to EE (Figs. 6b, 7). The result demonstrated that

the EE inhibition has no time-dependent effect. Because

EE may bind to enzymes with non-covalent interactions
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such as hydrogen bonds, hydrophobic interactions and

ionic bonds, which are reversible and can be easily

removed by dilution or dialysis. Therefore, EE could be a

transitory and safe CESs inhibitor, compared with the

irreversible inhibitor BNPP that was also proved to have a

toxic effect (e.g. LD50 = 410 mg/kg i.p. in mice) [37].

The increase absorption of ADV by the CESs inhibitors

was not due to any considerable mucosa damage. This was

shown by measuring the effect of CESs inhibitors on the

release of LDH in the perfusate as an indication of cell

membrane disruption [38]. No significant increase in

LDH activity was observed when it was in the presence

of CESs inhibitors such as: BNPP and EE (22.0 ±

1.9/19.0 ± 2.1 U/l cm in BNPP group II/EE II, compared

with 19.9 ± 1.4 U/l cm in control group). Therefore, it can

be concluded that BNPP and EE at the investigated con-

centration, did not affect the intestinal cell membranes.

In conclusion, the present study indicates that alkyl

esters showed variable inhibitory effects on CESs-mediated

ADV metabolism and that the number of double bonds, as

well as the carbon chain lengths in the esters, may therefore

play an important role in the inhibition of CESs. Further-

more, the alkyl eaters, especially the aliphatic esters, are

biocompatible and can be used as a functional excipient in

formulations to increase the ester prodrug absorption.
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Abstract N-Stearoyl-phytosphingosine (SPS) and 4-hy-

droxysphinganine (phytosphingosine, PS), which are

sphingolipids frequently found in mammalian skin, plants,

and yeast, have been used as ingredients in cosmetics. In

mice, treatment with SPS and PS inhibited histamine-

induced scratching behavior and vascular permeability.

These agents inhibited the expression of the allergic cyto-

kines, IL-4 and TNF-a, and the activation of the transcription

factors, NF-jB and c-jun, in histamine-stimulated skin tis-

sues. These agents also showed potent anti-histamine effects

in the Magnus test using guinea pig ileum. Based on these

results, SPS and PS may improve scratching behavioral

reactions in skin by regulating the action of histamine and the

activation of the transcription factors NF-jB and c-jun.

Keywords Scratching behavior � Phytosphingosine �
Histamine � IL-4

Abbreviations

IL Interleukin

NF-jB Nuclear factor kappaB

PS Phytosphingosine

SPS N-Stearoyl-phytosphingosine

Introduction

Pruritus, an unpleasant cutaneous sensation that provokes

the desire to scratch, can be local or widespread and is

associated with atopic dermatitis, urticaria, cholestasis, and

uremia. Many endogenous amines, proteases, growth fac-

tors, neuropeptides, opioids, eicosanoids and cytokines can

act as pruritogens [1–3]. Pruritus can cause skin lesions and

contribute to severe psychological disturbances [4]. Thus,

inhibition of this response can improve the quality of life.

To evaluate the effect of scratching-inhibitory agents,

mouse models of histamine, substance P- or compound 48/

80-induced scratching behavior have been used [2, 5].

However, there is no specific remedy available for this

common symptom.

Ceramides play an important role as intracellular lipid

second messengers and as components of the outer layer of

the skin [6–8]. Indeed, the outer layer of mammalian skin is

abnormally rich in long chain ceramides [9, 10]. These

ceramides are located in the lipid phase between the cor-

neocytes of the skin; this lipid phase is composed of

ceramides, free fatty acids and cholesterol. The ceramides

of the skin are composed of long chain fatty acids with

lengths between C16 and C34 and are bound to a long

chain di- or tri-hydroxy base through an amide linkage.

The most common ceramides are sphingosine, 6-hydroxy-

sphingosine and phytosphingosine. The lipid phase regu-

lates skin water homeostasis and protects the body from

bacterial, enzymatic or chemical assaults [10–12]. There-

fore, the amounts and the ratios of different ceramide

molecules in the skin are crucial for the barrier properties

of the skin. The lack or reduction of a ceramide fraction in

the skin directly impacts physiological function, leading to

the appearance of a number of skin diseases and/or skin

irritations [13, 14].
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Sphinganine (dihydrosphingosine) and 4-hydroxysp-

hinganine (phytosphingosine) are the predominant free

long-chain bases in lipid extracts of plant tissues, although

they are typically minor components of complex plant

sphingolipids [15, 16]. Sphinganine, 4-hydroxysphinganine

and their C18 and C20 analogs are the major long-chain

bases in yeast. These analogues have been used as cosmetic

ingredients due to their pharmacological activities in dermal

inflammatory disorders [17]. In particular, N-stearoyl-phy-

tosphingosine (SPS) and 4-hydroxysphinganine (PS)

(Fig. 1) are widely used as cosmetics ingredients. However,

their anti-scratching effects have not been studied thor-

oughly. Therefore, in the present study, we investigated their

anti-scratching behavioral effects in mice.

Experimental Procedure

Materials and Reagents

Histamine and Evans blue dye were purchased from Sigma

Co. (St. Louis, MO, U.S.A.). Azelastine was donated by

Dr. Nam-Jae Kim, an adjunct professor at Kyung Hee

University. Antibodies were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Enzyme-linked

immunosorbent assay (ELISA) kits were from Pierce

Biotechnology (Rockford, IL, USA). Optimal Cutting

Temperature (OCT) compound was purchased from Sakura

Finetek (Torrance, CA, USA).

Animals

Male ICR mice (20–22 g, 5 weeks old) were obtained from

the Charles River Orient Experimental Animal Breeding

Center (Seoul, Korea). All animals were housed in wire

cages at 20–22 �C, relative humidity of 50 ± 10%, air

ventilation frequency of 15–20 times/h and 12-h illumi-

nation (07:00–19:00; intensity, 150–300 Lux), fed standard

laboratory chow (Charles River Orient Experimental Ani-

mal Breeding Center, Seoul, Korea), and allowed water

ad libitum. All procedures related to the animals and their

care conformed to international guidelines, ‘Principles of

Laboratory Animal Care’ (NIH publication no. 85-23,

revised 1985 and Kyung Hee University 2008).

Assay of Scratching Behavior Frequency

The behavioral experiments were performed as previously

described [18]. Before the experiments, male ICR mice

were acclimated in acrylic cages (22 9 22 9 24 cm) for

about 10 min and divided into groups of six. The rostral

part of the skin on the back was clipped, and 300 lg/50 lL

of histamine dissolved in saline was injected intradermally

using a 29-gauge needle. The control mice received a

saline injection instead of histamine. Immediately after the

intradermal injection, the mice (one animal/cage) were put

back into the same cages and their scratching behavior was

recorded using an 8-mm video camera (SV-K80, Samsung,

Seoul, Korea) under automated conditions. The number of

times the mouse scratched the injection site using the hind

paws was counted and compared with the scratching of

other sites, such as the ears. Each mouse was used for only

one experiment. The mice generally scratched several

times during 1 s, thus each series of such behavior over

60 min was counted as one incident of scratching.

Measurement of Vascular Permeability

The increase in vascular permeability caused by scratching

agents was assessed as reported by Choo et al. [18]. After

the intradermal injection of 300 lg/50 ll of histamine into

the rostral part of the back of each mouse, 0.2 ml of 1%

saline solution of Evans blue dye was injected intrave-

nously. Test samples were orally administered 1 h before

the scratching agents. Mice were sacrificed 60 min later by

cervical dislocation and the scratching agent-injection site

was excised. The skin specimen was dissolved in 1 ml of

1 M KOH solution by overnight incubation, and 4 ml of

0.2 M phosphoric acid solution-acetone (5:13) mixture was

added. After shaking, the precipitates were filtered off and

the amount of dye was measured colorimetrically at

620 nm.

Histopathological Study

For histopathological analysis, 300 lg of histamine was

injected intradermally into the back skin of mice and a skin

specimen was excised 60 min later. The skin specimen was

fixed in 4% paraformaldehyde, embedded in OCT com-

pound, sectioned (5 lm), stained with hematoxylin and

eosin, and examined at 940–100 magnification.

Analysis of IL-4 and TNF-a by Enzyme-Linked

Immunosorbent Assay (ELISA) and Immunoblot

Histamine-induced skin tissue specimens were homoge-

nized in ice-cold lysis buffer (10 mM Tris, pH 7.5, 10 mM

NaCl, 3 mM MgCl2, 0.05% Nonidet P-40, 1 mM EGTA,

Fig. 1 Structures of phytosphingosine (a) and N-stearoyl-phyto-

sphingosine (b)
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1:100 protease inhibitor cocktail, and 1:100 phosphatase

inhibitor cocktail). Lysed specimens were centrifuged at

27009g for 10 min at 4 �C. The supernatant containing the

cytosol was further centrifuged at 20,8009g for 15 min at

4�C to obtain the cytosolic fraction. The nuclei in the pellet

were washed 3 times by gentle resuspension in wash buffer

(10 mM PIPES, pH 6.8, 300 mM sucrose, 3 mM MgCl2,

1 mM EGTA, 25 mM NaCl, 1:100 protease inhibitor

cocktail and 1:100 phosphatase inhibitor cocktail) and

centrifugation at 27009g for 5 min at 4 �C [19, 20]. The

supernatants (50 ll) were transferred to 96-well ELISA

plates, and the concentrations of IL-4 and TNF-a were then

determined using commercial ELISA kits (Pierce Bio-

technology, Inc., Rockford, IL, USA)

Immunoblot analyses of phospho-p65 and phospho-c-

Jun in the nuclear fraction and p65 NF-jB and c-jun in the

cytosolic fraction were performed as previously reported

[20]. The protein fractions of the skin tissue specimens

were subjected to electrophoresis on 10% sodium dodecyl

sulfate–polyacrylamide gel and then transferred to a

nitrocellulose membrane. Phospho-p65, phospho-c-Jun,

p65 NF-jB and c-jun were assayed with the corresponding

antibodies. Immunodetection was carried out using an

enhanced chemiluminescence detection kit (Thermo Fisher

Scientific Inc., Rockford, IL, USA).

Anti-histamine Action Assay

Male Hartley guinea pigs (300 ± 30 g) were sacrificed by

exsanguination and the ilea were prepared in cold Tyrode

solution. The prepared ileal strip was then suspended in a

10-ml Magnus tube (32�C, 95% O2 ? 5% CO2) containing

Tyrode solution. Each test agent was added to the prepa-

ration 30 s before treatment with histamine (1 9 10-6 M).

The percentage contraction is shown as a percentage of the

maximal response to histamine.

Statistics

All data are expressed as the means ± standard deviation,

and statistical significance was analyzed by one-way

ANOVA followed by a Student Newman–Keuls test.

Results

Inhibitory Effects of SPS and PS on Histamine-Induced

Scratching Behavior in Mice

To evaluate the anti-scratching behavioral effects of SPS

and PS, we first measured the inhibition of histamine-

induced scratching behavior frequency in mice (Fig. 2a).

SPS and PS inhibited the scratching behaviors induced by

histamine. At 50 mg/kg, orally administered SPS and PS

reduced the scratching behavior frequency by 67 and 59%

in histamine-stimulated mouse skin. We also investigated

their effects in histological exams (Fig. 2b). Compared to

the normal group, the histamine-treated control group

exhibited severe inflammation, manifested as remarkable

epidermal hyperplasia and the infiltration of inflammatory

cells, such as dendritic cells, into the dermis. SPS and PS

inhibited these inflammatory symptoms.

Inhibitory Effects of SPS and PS on IL-4 and TNF-a
Protein Expression Induced by Histamine in Mice

The inhibitory effects of SPS and PS against IL-4 and

TNF-a protein expression in mouse skin stimulated with

histamine were measured by ELISA (Fig. 3a, b). Histamine

increased IL-4 and TNF-a protein expression by 2.5- and

2.3-fold, respectively. SPS and PS potently inhibited his-

tamine-induced cytokine production. At 50 mg/kg, SPS

and PS inhibited IL-4 expression by 75 and 37%, respec-

tively, and TNF-a expression by 88 and 70%, respectively.

SPS and PS also inhibited the histamine-induced

activation of the transcription factors, NF-jB and c-jun,

which regulate TNF-a and IL-4 expression, respectively

(Fig. 3c).

Inhibitory Effects of SPS and PS on Histamine-

Increased Vascular Permeability and Ileal Contraction

We also measured the inhibitory effects of SPS and PS on

the histamine-induced vascular permeability in mice

(Fig. 4). Orally administered SPS and PS potently inhibited

the histamine-induced vascular permeability. At 50 mg/kg,

SPS and PS inhibited the vascular permeability by 51 and

50%, respectively.

We also investigated the inhibitory effect of SPS and PS

on the histamine-induced small intestine muscle contrac-

tion involving the H1-receptor in guinea pig ilea (Fig. 5).

At 10 lM, SPS and PS inhibited histamine-induced ileal

contraction by 55 and 51%, respectively.

Discussion

Mast cells and basophils are critical components in

various biological processes of allergic diseases [21, 22].

These cells express surface membrane receptors with

high affinity and specificity for IgE. The interaction of

antigen-bound IgE and surface membrane receptors

releases histamine, prostaglandins, leukotrienes and

cytokines. These endogenous amines and cytokines can

act as pruritogens [22, 23]. The cytokines also activate

chemotaxis and phagocytosis of neutrophils and
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Fig. 2 Inhibitory effects of SPS and PS on histamine-induced

scratching behavior in mice. a Effect on scratching behavior. The

scratching behaviors in the normal control group treated with saline

alone and in the histamine-treated groups with and without test agents

were counted for 1 h. Test agents were orally administered 1 h before

histamine administration. b Histological exam. The skins of mice

stimulated with histamine with and without test agents were stained

by hematoxylin–eosin. NOR, normal group; HIS, control treated with

histamine alone; SPS20, 20 mg/kg SPS with histamine; SPS50,

50 mg/kg SPS with histamine; PS20, 20 mg/kg PS with histamine;

PS50, 50 mg/kg SPS with histamine; AZ10, 10 mg/kg azelastine with

histamine. Mean ± SD (n = 5). #p \ 0.05 versus normal control

group. *p \ 0.05 versus histamine-treated group

Fig. 3 Inhibitory effects of SPS and PS on the protein expressions of

TNF-a (a) and IL-4 (b) and the activation of their transcription factors

NF-jB and c-jun (c) in histamine-induced mouse skin tissues. TNF-a
and IL-4 were assayed by ELISA, and NF-jB and c-jun by

immunoblot analysis. SPS, PS and azelastine were orally adminis-

tered to mice: NOR, normal group; HIS, control treated with

histamine alone; S20, 20 mg/kg SPS with histamine; S50, 50 mg/kg

SPS with histamine; P20, 20 mg/kg PS with histamine; P50, 50 mg/

kg SPS with histamine; A10, 10 mg/kg azelastine with histamine.

Mean ± SD (n = 5). #p \ 0.05 versus normal control group.

*p \ 0.05 versus histamine-treated group
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macrophages. Finally, cytokine-induced reactions cause

tissue inflammation. Exogenous pruritogens, such as

compound 48/80, also increase the permeability of the

lipid bilayer membrane by causing membrane instability.

The increase of lipid bilayer membrane permeability may

be essential for the release of mediators from mast cells

[24]. Therefore, antiallergic agents, such as anti-hista-

mines, steroids and immunosuppressants, have been used

to treat allergic and pruritic diseases [25–27]. Even

though antiallergic agents are widely used, many of these

agents have limited effects in terms of improving these

diseases.

In this study, SPS and PS inhibited the scratching

behaviors and vascular permeability induced by histamine.

The anti-scratching behavioral effects of SPS and PS were

proportional to their inhibitory effects against vascular

permeability. SPS and PS also inhibited the scratching

behavior induced by compound 48/80, an exogenous pru-

ritogen (data not shown). Moreover, SPS and PS showed

antihistamine activity in the guinea pig ileum. These results

suggest that SPS and PS may repress vascular permeability

by inhibiting histamine action and thus inhibit scratching

behavior. In a study of their inhibitory mechanism, SPS

and PS inhibited TNF-a and IL-4 expression as well as

activation of the transcription factors, NF-jB and c-jun, in

skin tissues stimulated with histamine. NF-jB is an

important signal in immune responses of allergic diseases

[28]. Histamine activates NF-jB in skin tissues. In the

present study, SPS and PS inhibited histamine-induced

activation of NF-jB. Furthermore, SPS and PS inhibited c-

jun activation. c-Jun regulates expression of IL-4, which is

an IgE-switching cytokine [29]. These results suggest that

SPS and PS may inhibit TNF-a and IL-4 expression by

regulating the activation of their transcription factors, NF-

jB and c-jun.

Ceramides are major lipid second messengers that

inhibit cell proliferation and induce apoptosis via dephos-

phorylation and inactivation of several proliferative and

anti-apoptotic molecules [30–32]. In addition, various

studies have reported the beneficial role of ceramide mol-

ecules in the renewal of the skin’s intrinsic protective layer,

especially to increase the effective barrier function with

respect to water loss, thus reducing skin irritation and

inflammation [21, 22]. These results suggest that SPS and

PS may regulate skin water homeostasis and protect the

body against bacterial, enzymatic or chemical impacts.

Based on these findings, SPS and PS may improve

pruritic reactions in skin by regulating the action of hista-

mine, the activation of the transcription factors NF-jB and

c-jun, and skin water homeostasis.

References

1. Maintz L, Novak N (2007) Histamine and histamine intolerance.

Am J Clin Nutr 85:1185–1196

2. Reich A, Szepietowski JC (2007) Mediators of pruritus in pso-

riasis. Mediators Inflamm 2007:647270

3. Schmeiz M, Schmidt R, Bickel A, Handerker HO, Torebjork HE

(1977) Specific C-receptors for itch in human skin. J Neurosci

17:8003–8008

0

3

6

9

12

NOR HIS SPS20SPS50 PS20 PS50 AZ10

E
xt

ra
va

sa
te

d
 E

va
n

 b
lu

e 
(µ

g
/m

l)
#

∗

∗
∗

∗
∗

Fig. 4 Inhibitory effect of SPS, PS and azelastine on histamine-

induced vascular permeability in mice. The vascular permeability was

increased by histamine in ICR mice. Mice were treated with or

without oral administration of test agents (NOR, normal group; HIS,

control treated with histamine alone; S20, 20 mg/kg SPS with

histamine; S50, 50 mg/kg SPS with histamine; P20, 20 mg/kg PS

with histamine; P50, 50 mg/kg SPS with histamine; A10, 10 mg/kg

azelastine with histamine) 1 h before the intradermal injection of

300 lg/50 ll of histamine into the shaved back skin. The amounts of

Evans blue dye extravasated from the dorsal skin (1 9 1 cm) were

determined. The values indicate means ± SD (n = 5). #p \ 0.05

versus normal control group. *p \ 0.05 versus histamine-treated

group

Fig. 5 Anti-histamine effect of SPS, PS and azelastine in Magnus

test using guinea pig ileum. The ileal strip was set in a 10-ml Magnus

tube (32 �C, 95% O2 ? 5% CO2) containing Tyrode solution. Each

test agent (dissolved in 2% Triton X-100) was added to the

preparation 30 s before treatment with histamine (1 9 10-6 M):

closed triangles, SPS; closed squares, PS; closed circles, azelastine.

Each experiment was performed in duplicate

Lipids (2010) 45:613–618 617

123



4. Raiford DS (1995) Pruritus of chronic cholestasis. QJM 88:603–

607

5. Kuraishi Y, Nagasawa T, Hayashi K, Satoh M (1995) Scratching

behavior induced by pruritogenic but not algesiogenic agents in

mice. Eur J Pharmacol 275:229–233

6. Kim MY, Linardic C, Obeid L, Hannun Y (1991) Identification of

sphingomyelin turnover as an effector mechanism for the action

of tumor necrosis factor a and r-interferon. Specific role in cell

proliferation. J Biol Chem 266:484–489

7. Huang HW, Goldberg EM, Zidovetzki R (1999) Ceramides

modulate protein kinase C activity and perturb the structure of

phosphatidylcholine/phosphatidylserine bilayers. Biophys J

77:1489–1497

8. Sawei H, Hannun YA (1999) Ceramide and sphingomyelinase in

the regulation of stress responses. Chem Phys Lipids 102:141–

147

9. Stewart ME, Downing DT (1999) A new 6-hydroxy-4-sphin-

genine-containing ceramide in human skin. J Lipid Res 40:1434–

1439

10. Garidel P (2006) Structural characterization and phase behavior

of a stratum corneum lipid analogue: ceramide 3A. Phys Chem

Chem Phys 8:2265–2275

11. De Paepe K, Derde MP, Roseeuw D, Rogiers V (2000) Incor-

poration of ceramide 3B in dermatocosmetic emulsions: effect on

the transepidermal water loss of sodium lauryl sulphate damaged

skin. J Eur Acad Dermatol Venereolz 14:272–279

12. Lampe MA, Burlingame AL, Whitney J, Williams MI, Brown

BE, Roitman E, Elias PM (1983) Human stratum corneum lipids:

characterization and regional variations. J Lipid Res 24:120–130

13. Motta S, Sesana S, Ghidonin R, Monti M (1995) Content of the

different lipid classes in psoriatic scale. Arch Dermatol Res

287:691–694

14. Olaniran AK, Baker BS, Paige DG, Garioch JJ, Powles AV, Fry L

(1996) Cytokine expression in psoriatic skin lesions during

PUVA therapy. Arch Dermatol Res 288:421–425

15. Wright BS, Snow JW, O’Brien TC, Lynch DV (2004) Synthesis

of 4-hydroxysphinganine and characterization of sphinganine

hydroxylase activity in corn. Arch Biochem Biophys 415:184–

192

16. Imai H, Morimoto Y, Tamura K (2000) Sphingoid base compo-

sition of monoglucosylceramide in Brassicaceae. J Plant Physiol

157:453–456

17. Bizot-Foulon V, Godeau G, Guessous F, Lati E, Rousset G,

Roch-Arveillier M, Hornebeck W (1995) Inhibition of human

neutrophil elastase by wheat ceramides. Int J Cosmet Sci 17:255–

264

18. Choo MK, Park EK, Han MJ, Kim DH (2003) Antiallergic

activity of ginseng and its ginsenosides. Planta Med 69:518–522

19. Matsuda H, Tewtrakul S, Morikawa T, Nakamura A, Yoshikawa

M (2004) Anti-allergic principles from Thai zedoary: structural

requirements of curcuminoids for inhibition of degranulation and

effect on the release of TNF-alpha and IL-4 in RBL-2H3 cells.

Bioorg Med Chem 12:5891–5898

20. Han SJ, Ryu SN, Trinh HT, Joh EH, Jang SY, Han MJ, Kim DH

(2009) Metabolism of cyanidin-3-O-beta-D-glucoside isolated

from black colored rice and its antiscratching behavioral effect in

mice. J Food Sci 74:H253–H258

21. Stevens RL, Austen KF (1989) Recent advances in the cellular

and molecular biology of mast cells. Immunol Today 10:381–386

22. Plaut M, Pierce JH, Whatson C, Hanley-Hyde J, Nordan RP, Paul

WE (1989) Mast cell lines produce lymphokines in response to

cross-linkage of Fc epsilon RI or to calcium ionophore. Nature

339:64–67

23. Mitre E, Nutman TB (2006) Basophils, basophilia and helminth

infections. Chem Immunol Allergy 90:141–156

24. Tasaka K, Mio M, Okamoto M (1986) Intracellular calcium

release induced by histamine releasers and its inhibition by some

antiallergic drugs. Ann Allergy 56:464–469

25. Sakuma S, Higashi Y, Sato N, Sasakawa T, Sengoku T, Ohkubo

Y (2001) Tacrolimus suppressed the production of cytokines

involved in atopic dermatitis by direct stimulation of human

PBMC system (Comparison with steroids). Int Immunopharma-

col 1:1219–1226

26. Schafer-Korting M, Schmid MH, Korting HC (1996) Topical

glucocorticoids with improved risk-benefit ratio. Drug Safety

14:375–385

27. Simons FER (1992) The antiallergic effects of antihistamines

(H1-receptor antagonists). J Allergy Clin Immunol 90:705–715

28. Zhao W, Oskeritzian CA, Pozez AL, Schwartz LB (2005)

Cytokine production by skin-derived mast cells: endogenous

proteases are responsible for degradation of cytokines. J Immunol

175:2635–2642

29. Hirano T, Higa S, Arimitsu J, Naka T, Ogata A, Shima Y, Fu-

jimoto M, Yamadori T, Ohkawara T, Kuwabara Y, Kawai M,

Matsuda H, Yoshikawa M, Maezaki N, Tanaka T, Kawase I,

Tanaka T (2006) Luteolin, a flavonoid, inhibits AP-1 activation

by basophils. Biochem Biophys Res Commun 340:1–7

30. Hannun YA, Obeid LM (2002) The ceramide-centric universe of

lipid-mediated cell regulation: stress encounters of the lipid kind.

J Biol Chem 277:25847–25850

31. Pettus BJ, Chalfant CE, Hannun YA (2006) Ceramide in apop-

tosis: An overview and current perspectives. Biochim Biophys

Acta 1761:281–291

32. Duan RD, Nilsson A (2009) Metabolism of sphingolipids in the

gut and its relation to inflammation and cancer development. Prog

Lipid Res 48:62–72

618 Lipids (2010) 45:613–618

123



ORIGINAL ARTICLE

Electronegative Low-Density Lipoprotein is Associated with Dense
Low-Density Lipoprotein in Subjects with Different Levels
of Cardiovascular Risk

Ana Paula de Queiroz Mello • Isis Tande da Silva • Aline Silva Oliveira •
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Abstract Dyslipidemias and physicochemical changes in

low-density lipoprotein (LDL) are very important factors

for the development of coronary artery disease (CAD).

However, pathophysiological properties of electronegative

low-density lipoprotein [LDL(-)] remain a controversial

issue. Our objective was to investigate LDL(-) content in

LDL and its subfractions (phenotypes A and B) of subjects

with different cardiovascular risk. Seventy-three subjects

were randomized into three groups: normolipidemic

(N; n = 30) and hypercholesterolemic (HC; n = 33) sub-

jects and patients with CAD (n = 10). After fasting, blood

samples were collected and total, dense and light LDL

were isolated. LDL(-) content in total LDL and its sub-

fractions was determined by ELISA. LDL(-) content in

total LDL was lower in the N group as compared to the HC

(P \ 0.001) and CAD (P = 0.006) groups. In the total

sample and in those of the N, HC, and CAD groups,

LDL(-) content in dense LDL was higher than in light

LDL (P = 0.001, 0.001, 0.001, and 0.033, respectively)

The impact of LDL(-) on cardiovascular risk was rein-

forced when LDL(-) content in LDL showed itself to have

a positive association with total cholesterol (b = 0.003;

P \ 0.001), LDL-C (b = 0.003; p \ 0.001), and non-

HDL-C (b = 0.003; P \ 0.001) and a negative association

with HDL-C (b = -0.32; P = 0.04). Therefore, LDL(-)

is an important biomarker that showed association with the

lipid profile and the level of cardiovascular risk.
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Abbreviations

BMI Body mass index

CAD Coronary artery disease

CHD Cardiovascular heart diseases

ELISA Enzyme-linked immunosorbent assay

HC Hypercholesterolemic

HDL-C High-density lipoprotein cholesterol

LDL Low-density lipoprotein

LDL(-) Electronegative low-density lipoprotein

LDL-C Low-density lipoprotein cholesterol

PAF-AH Platelet-activating factor acetylhydrolase

TC Total cholesterol

TAG Triglycerides

Introduction

Cardiovascular heart diseases (CHD) are among the non-

transmissible diseases that are a major cause of death. They

are responsible for 30% of all deaths (about 17.5 million
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people) in the world, followed by cancer (7.6 million deaths)

and chronic respiratory diseases (4.1 million deaths) [1].

The ‘‘traditional’’ risk factors for CHD, as identified in the

Framingham study, include high levels of total cholesterol

(TC) and low-density lipoprotein cholesterol (LDL-C), low

levels of high-density lipoprotein cholesterol (HDL-C), as

well as elevated blood pressure, tabagism, and age [2]. In

addition, obesity, familial history of premature CHD, and

physical inactivity contribute to other classical risk factors

being now considered important associated factors [3].

Despite the environmental risk factors and LDL-C blood

levels, evaluation of low-density lipoprotein (LDL) sub-

fractions according to the phenotype is a more specific

marker. LDL can be separated into two subclasses: Phe-

notype A (predominance of large and light LDL particles)

and Phenotype B (small and dense LDL particles), which

have been considered predictors of cardiovascular risk [4].

Beyond the phenotypic differences, growing evidence

suggests that qualitative changes in LDL are related to the

development of atherosclerosis [5–7]. Electronegative par-

ticles generated by oxidative modification appear to play a

key role in the atherogenicity of LDL. However, non-enzy-

matic glycosylation, enrichment of non-esterified fatty acids,

enzymatic modification by phospholipase A2 or platelet-

activating factor acetylhydrolase (PAF-AH), hemoglobin

cross-linking, and possibly other mechanisms not yet iden-

tified could contribute to increasing the proportion of elec-

tronegative low-density lipoprotein [LDL(-)] in plasma [8].

LDL(-) is a minimally modified form of LDL that can

both be identified as an initiating factor of atherosclerosis

and contribute to the atherogenic potential of LDL, thus

increasing cardiovascular risk [7, 9]. LDL(-) is enriched

with lipid peroxides and is associated with small and dense

LDL [10, 11]. Apo E, apo C-III [12], hemoglobin [13], and

PAF-AH [14] have been reported to be associated with

LDL(-). Presence of these proteins would increase LDL(-)

density, which has been observed in normocholesterolemic

subjects [8]. Moreover, Chappey et al. [12] showed a

bimodal distribution of LDL(-) between the light and dense

LDL subfractions. Nevertheless, the pathophysiological

action of LDL(-) is yet unclear.

In this context, the aim of our study was to evaluate

LDL(-) distribution between LDL subfractions (pheno-

types A and B) in subjects with different levels of

cardiovascular risk.

Materials and Methods

Study Population

Seventy-three outpatients of both sexes, aged 25–65 years,

and with different levels of cardiovascular risk were

recruited in the Heart Institute and the Clinical Hospital

(School of Medicine, University of Sao Paulo), SP, Brazil.

The subjects were randomly distributed into the normo-

lipidemic (N; LDL-C \160.0 mg/dL, with no clinical

cardiovascular events, n = 30), hypercholesterolemic (HC;

LDL-C C160.0 mg/dL, with no clinical cardiovascular

events, n = 33), and coronary artery disease (CAD; LDL-

C C160.0 mg/dL, with clinical diagnosis of atherosclero-

sis, n = 10) groups. The atherosclerotic coronary disease

was diagnosed by clinical evaluation, electrocardiogram

with ischemia, and positive ergometric test and/or positive

myocardial scintigraphy and/or coronarography with

obstruction of at least 50% in one of the arteries. Subjects

with diabetes, renal disease, obesity (BMI C35.0 kg/m2),

smokers and alcoholics were excluded from the trial.

A 2-month period was observed for washout of hypocho-

lesterolemic drugs, hormone therapy, and antioxidant

supplements. The present study was approved by the Ethics

Committee of both the Heart Institute (InCor) (#2585/05/

005) and Clinical Hospital (#562/05) of the Medical

School, University of Sao Paulo (Brazil).

Sample Characteristics

Information on the subject’s race, risk factor for CAD [2],

and daily metabolic energy consumption were obtained by

direct interview. BMI was determined as weight (kg)

divided by standing height (m) squared [15], and waist

circumference (WC) was measured midway between the

lowest rib margin and the iliac crest [16].

Blood Samples

After a fasting period of 12–15 h, aliquots of venous blood

(20.0 mL) were collected into Vacutainer� tubes with

ethylenediamine tetraacetic acid (EDTA; 1.0 mg/mL).

Plasma was immediately separated and aliquoted into tubes

containing butylhydroxytoluene (BHT; 100.0 lM), aproti-

nin (10.0 lg/mL), benzamidine (10.0 lM), and phenyl-

methylsulphonyl fluoride (PMSF; 5.0 lM) and stored at

-70 �C until analysis. Very low-density lipoprotein

(VLDL), LDL, and HDL were isolated from the plasma by

preparative sequential ultracentrifugation (18 h, 105,0009g,

4 �C) using a Sorvall ultracentrifuge (Sorvall Ultra Pro80,

Sorvall Products, Newtown, CT, USA) equipped with a

fixed-angle rotor (T-1270) [17]. Subfractions were sepa-

rated from LDL by ultracentrifugation (18 h, 105,0009g,

4 �C), using a density cut-off point of 1.043 g/mL to sep-

arate low- and high-density LDL particles. The denser LDL

subfraction (phenotype B) contained particles with

1.043 B d \ 1.063 g/mL and the most buoyant LDL sub-

fraction (phenotype A) contained particles with 1.019 \
d \ 1.043 g/mL. These LDL subfractions were dialyzed
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against 150.0 mM sodium chloride, 1.0 mM EDTA and

10.0 mM trizma base (pH 7.2, 4 �C, 12 h). All reagents were

purchased from Sigma Chemical (St. Louis, MO, USA).

Lipid and Protein Analyses

Cholesterol and triglyceride concentrations were deter-

mined from plasma and lipoprotein fraction by using col-

orimetric enzymatic commercial kits (Labtest�, MG,

Brazil). Non-HDL cholesterol levels and the TC/HDL-C

and LDL-C/HDL-C ratios were calculated for all samples.

Protein concentration in plasma and lipoproteins were

determined by using the Lowry method [18].

LDL(-) Analyses

LDL, and the dense and light LDL subfractions were

diluted (1:800, 1:10, and 1:10, respectively) in 0.01 M

carbonate–bicarbonate buffer (pH 9.6) and were used to

coat (overnight, 4 �C) the microtiter plates (Costar�, model

3690, Cambridge, MA, USA). Non-adsorbed material was

washed and discarded; then the plates were blocked with

5% skimmed milk in phosphate-buffered saline (PBS) and

incubated (2 h, 37 �C). The plates were washed with PBS-

Tween (0.05%, 4 times) and, after addition of anti-LDL(-)

monoclonal antibody (MAb; INPI #2637/2002; 9.2 lg/mL;

50 lL/well), they were again incubated (2 h, 37 �C). After

a new wash with PBS-Tween, horseradish peroxidase-

conjugated polyclonal goat anti-mouse IgG antibody

(Rockland Immunochemicals for Research, Gilbertsville,

PA, USA; 50 lL/well) diluted 1:5,000 (v/v) in skimmed

milk (1% in PBS) was added to the wells and incubated

(2 h, 37 �C). After the plates were washed, a solution

containing the substrate 3,30,5,50-tetramethylbenzidine

(TMB; 250.0 lL), phosphate–citrate buffer (12.0 mL; pH

4.2), and hydrogen peroxide (10.0 lL) was added

(50.0 lL/well). All samples were analyzed in triplicate.

After a 30-min delay for color development, the colored

product concentration was evaluated by light absorption

(Bio-Tek� Instruments, Winooski, VT, USA; k = 450 nm);

the concentrations were calculated as a function of optical

density (OD) readings: (ODsample - ODbackground) 9 title.

Statistical Analyses

Differences between the values for the N, HC, and CAD

groups were evaluated by one-way analysis of variance

(ANOVA) and the Kruskal–Wallis test. Differences

between the LDL subfractions were evaluated by the

Student’s t test for independent samples and the Mann–

Whitney test. Univariate linear regression analysis was

used to evaluate the association between LDL(-) levels

(dependent variable) and the lipid profile (independent

variable). Data were expressed as means ± standard

deviation (SD). The SPSS Statistical Package (version

15.0) was used for all analyses. A cut-off level of P \ 0.05

was adopted to infer statistical significance.

Results

The characteristics of the subjects included in this study

are shown in Table 1. Groups N (40.0 ± 9.9 years),

HC (45.0 ± 10.0 years), and CAD (54.0 ± 7.7 years)

consisted of male (n = 7, 11, and 5, respectively) and

female (n = 23, 22, and 5, respectively) subjects. The

subjects in the CAD group were older than those in the N

and HC groups (P = 0.001 and 0.03, respectively). No

statistical differences were found between sexes and races

in the groups. Therefore, all results were analyzed using

age as a covariate. No significant differences were found

between groups for BMI and WC. None of the subjects

were smokers or consumed alcohol. The risk factors for

hypertension and age were different in the CAD group as

compared to the N (P \ 0.001 and =0.01, respectively) and

HC (P \ 0.001 and =0.02, respectively) groups. The per-

centage of subjects with low HDL-C in the N group was

lower than that in the CAD group (P = 0.04). The values

for energy consumption were similar among the three

groups. As expected, the subjects in the N group showed

lower values for TC and LDL-C than those in the HC

(P \ 0.001 and 0.001, respectively) and CAD (P \ 0.001

and 0.001, respectively) groups. The values for HDL-C in

the CAD group were lower than those in the N group

(P = 0.02). However, no significant differences in TAG

concentration were found among the three groups. In

addition, the values for non-HDL-C and the TC/HDL-C

and LDL-C/HDL-C ratios in the N group were lower than in

the HC (P \ 0.001, 0.001, and 0.001, respectively) and the

CAD (P \ 0.001, 0.001, and 0.001, respectively) groups.

The levels (OD in Log) for LDL(-) in LDL in the HC

(7.1 ± 0.4) and CAD (7.1 ± 0.2) groups were higher than

in the N (6.7 ± 0.5) (P \ 0.001 and =0.006, respectively)

group (Fig. 1). The levels (OD in Log) for LDL(-) in

dense LDL were higher than in light LDL in the total

sample (2.7 ± 0.8 vs. 2.1 ± 0.5, P = 0.001) in the N

(2.7 ± 0.8 vs. 2.1 ± 0.4, P = 0.001), HC (2.7 ± 0.8 vs.

2.0 ± 0.6, P = 0.001), and CAD (2.7 ± 0.8 vs. 2.2 ± 0.4,

P = 0.033) groups (Fig. 2). Therefore, LDL(-) content

in LDL varied according to the cardiovascular risk

and, independently of this characteristic, LDL(-) content

showed a higher association with dense LDL when LDL(-)

was analyzed in subfractions of LDL from the N (55.6 vs.

44.4%), HC (57.1 vs. 42.9%), and CAD (55.7 vs. 44.3%)

groups. The intra- and inter-assay coefficients for total
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LDL (intra = 1.8 ± 1.9; inter = 3.8 ± 2.7), dense LDL

(intra = 3.5 ± 4.1; inter = 2.6 ± 1.2), and light LDL

(intra = 4.5 ± 4.6; inter = 2.9 ± 1.9) showed that ELISA,

as used in the present study, was a valid method for assessing

LDL(-) content.

In addition, when univariate linear regression analysis

was used, the content of LDL(-) in total LDL showed a

positive association with TC (b = 0.003; P \ 0.001),

LDL-C (b = 0.003; P \ 0.001), and non-HDL-C (b =

0.003; P \ 0.001). However, a negative association with

HDL-C was obtained for LDL(-) content in total LDL

(b = -0.32; P = 0.04) and dense LDL (b = -0.66;

P = 0.02) when all samples (n = 73) were analyzed

(Table 2).

Discussion

The purpose of this study was to evaluate LDL(-) content

in subjects with different levels of cardiovascular risk and

to determine the association between their cardiovascular

risk and lipid profile. CHD are complex and multifactorial,

and dyslipidemia is present in most subjects with clinical

events. Other factors were recently investigated and

LDL(-) was associated with increased cardiovascular risk

[8, 19].

Table 1 Characteristics of

subjects

Values are means ± SD

* P \ 0.05 versus N group
§ P \ 0.05 versus HC group

N (n = 30) HC (n = 33) CAD (n = 10)

Age (years) 40.0 ± 9.9 45.0 ± 10.0 54.0 ± 7.7*,§

Men [n (%)] 7 (23) 11 (33) 5 (50)

Women [n (%)] 23 (77) 22 (67) 5 (50)

Race [n (%)]

White 19 (63) 21 (64) 3 (30)

Black 5 (17) 6 (18) 1 (10)

Others 6 (20) 6 (18) 6 (60)

BMI (kg/m2) 25.9 ± 4.3 25.9 ± 4.1 27.8 ± 3.5

Waist circumference (cm)

Male 98.3 ± 6.6 87.6 ± 12.6 96.6 ± 17.2

Female 82.2 ± 9.7 86.3 ± 10.3 89.6 ± 2.2

Tabagism [n (%)] 0 (0) 0 (0) 0 (0)

Ethilism [n (%)] 0 (0) 0 (0) 0 (0)

Risk factors for CAD [n (%)]

Low HDL-C 16 (53) 19 (58) 9 (90)*

Hypertension 0 (0) 0 (0) 8 (80)*,§

Age 4 (13) 6 (18) 6 (60)*,§

Familiar history 7 (23) 7 (21) 3 (30)

Framingham risk score 3.70 ± 5.93 9.24 ± 5.12* 13.90 ± 3.38*,§

Energy (kcal/day) 1,904.9 ± 602.0 1,935.2 ± 537.4 2,300.5 ± 799.4

Cholesterol (mg/dL)

Total 180.5 ± 19.6 243.5 ± 29.7* 221.0 ± 19.6*,§

LDL 117.4 ± 15.9 178.5 ± 26.9* 170.3 ± 15.9*

HDL 42.9 ± 13.8 31.1 ± 13.8 31.2 ± 8.3*

Triglycerides (mg/dL) 101.6 ± 41.6 134.5 ± 68.8 97.8 ± 28.3

Non-HDL-C (mg/dL) 137.7 ± 21.2 205.4 ± 31.2* 189.9 ± 17.4*,§

TC/HDL-C 4.5 ± 1.2 7.2 ± 2.8* 7.6 ± 2.3*,§

LDL-C/HDL-C 3.0 ± 0.9 5.4 ± 2.4* 5.9 ± 2.0*,§
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Fig. 1 LDL(-) concentration in LDL among the three groups.

Normolipidemic (N; n = 30), hypercholesterolemic (HC; n = 33)

and coronary artery disease (CAD; n = 10) groups
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However, a number of technical limitations have made

LDL(-) detection difficult [19]. Some studies evaluated

LDL(-) by semi-quantitative methods [9, 11, 20]. Sensi-

tive and specific anti-LDL(-) MAb-based ELISA evalua-

tions were developed allowing the role of LDL(-) to be

investigated [19, 21, 22].

Oliveira et al. [7], proposed that LDL(-) levels may be

a biochemical marker for cardiovascular disease risk.

Furthermore, Hulthe and Fagerberg [6] concluded that

subjects with at least one plaque in the carotid or femoral

arteries have oxLDL levels significantly higher than those

found in subjects without plaques. These observations

reinforce the notion that oxidized LDL and possibly

LDL(-) have a potential role in atherosclerosis. LDL(-)

was found to be elevated in animals and humans with

hypercholesterolemia and atherosclerosis [19, 23, 24]. In

the present study, as in the studies mentioned above, the

values for LDL(-) content in subjects with dyslipidemia

and atherosclerosis were shown to be higher than those in

the N group. Such profiles could be observed only when

LDL(-) content was analyzed in LDL.

In fact, LDL(-) content in LDL from subjects in the HC

and CAD groups was shown to be higher than in the N

group. Moreover, LDL(-) content in dense LDL was

higher than in light LDL, irrespective of the clinical status

of the subjects evaluated. Such a profile had previously

been observed by Sevanian et al. [10, 11], who showed

that LDL(-) has a higher association with small and

dense LDL. However, Sánchez-Quesada et al. [25] obser-

ved that LDL(-) was equally distributed between light

(1.022–1.027 g/L) and dense (1.047–1.056 g/L) LDL from

hypertriglyceridemic subjects. LDL(-) was relatively fre-

quent in dense LDL subfractions (1.039–1.056 g/L) from

normolipidemic subjects. Finally, LDL(-) proportion was

relatively high in all LDL subfractions, mainly in the two

lightest (1.022–1.027 g/L) ones from patients with familial

hyperlipidemia [25]. According to these authors, distribu-

tion of LDL(-) in these subjects depends on their lipid

profile. We propose that LDL(-) content was influenced

by the lipid profile being more frequent in dense LDL

particles (phenotype B), although independently of the

subjects’ clinical status. In addition, the subjects included

in this study did not show hypertriglyceridemia or familial

hyperlipidemia, suggesting that LDL(-) has different

physicochemical characteristics and origin as previously

observed by Sánchez-Quesada et al. [25].

It should be emphasized that both different density cut

off values and different (quantitative or qualitative) meth-

ods were used to determine LDL(-) content in the LDL
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Fig. 2 LDL(-) concentration

in dense and light LDL in total

sample and groups isolated.

Normolipidemic (N; n = 30),

hypercholesterolemic (HC;

n = 33) and coronary artery

disease (CAD; n = 10) groups

Table 2 Linear regression analysis of LDL(-) content in LDL and

dense LDL

b R2 (%) P

LDL(-) in LDL

Total cholesterol 0.003 0.24 \0.001

LDL-C 0.003 0.30 \0.001

HDL-C -0.321 0.06 0.043

Non-HDL-C 0.003 0.28 \0.001

LDL(-) in dense LDL

HDL-C -0.661 0.08 0.022
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subfractions in those studies. To our knowledge, the pres-

ent study is the first one in which LDL(-) content in LDL

subfractions was determined by ELISA. Thus, our results

should be confirmed with a larger sample.

Regarding the oxidative origin of LDL(-), our results

confirm those reported in the study of Dejager et al. [26].

These authors observed that the lag phase in dense LDL

was shorter than in light LDL after copper-induced oxi-

dation. Thereafter, La Belle et al. [27] verified that dense

LDL was more electronegative than light LDL. Therefore,

among light and dense LDL particles, the dense ones

showed themselves to have the highest oxidative suscep-

tibility [10].

It is well established that the proportion of small and

dense LDL particles in patients with CAD is higher than in

healthy subjects [28, 29]. Although the size of LDL par-

ticles was not evaluated in the present study, detection of

LDL(-) in dense LDL contributed to better understand the

atherogenic role of the particles present in phenotype B.

The impact of these results was reinforced by regression

analysis, which revealed that LDL(-) content has a posi-

tive association with classical markers of cardiovascular

risk (TC, LDL-C, and non-HDL-C), but a negative asso-

ciation with HDL-C.

In conclusion, we report herein that LDL(-) content in

HC and atherosclerotic subjects was higher than in nor-

molipidemic individuals. The atherogenic role of LDL(-)

was evidenced by both association of this subfraction with

the patients’ lipid profile and a higher proportion of dense

LDL in phenotype B. Regarding the clinical importance of

our findings, we suggest that evaluation of LDL(-) content

should be included in future epidemiological studies to

better assess the risk of individuals with cardiovascular

disease.
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Abstract Oxidative modification of low-density lipo-

protein (LDL) has been reported in thalassemia, which is

a consequence of oxidative stress. However, the levels of

oxidized high-density lipoprotein (HDL) in thalassemia

have not been evaluated and it is unclear whether HDL

oxidation may be linked to LDL oxidation. In this study,

the levels of total cholesterol, iron, protein, conjugated

diene (CD), lipid hydroperoxide (LOOH), and thiobarbi-

turic acid reactive substances (TBARs) were deter-

mined in HDL from healthy volunteers and patients with

b-thalassemia intermedia with hemoglobin E (b-thal/Hb

E). The protective activity of thalassemic HDL on LDL

oxidation was also investigated. The iron content of HDL2

and HDL3 from b-thal/HbE patients was higher while the

cholesterol content was lower than those in healthy vol-

unteers. Thalassemic HDL2 and HDL3 had increased

levels of lipid peroxidation markers i.e., conjugated diene,

LOOH, and TBARs. Thalassemic HDL had lower per-

oxidase activity than control HDL and was unable to

protect LDL from oxidation induced by CuSO4. Our

findings highlight the oxidative modification and poor

protective activity of thalassemic HDL on LDL oxidation

which may contribute to cardiovascular complications in

thalassemia.

Keywords Thalassemia � HDL � LDL oxidation �
Oxidative stress � Oxidized HDL

Abbreviations

CD Conjugated diene

HDL High-density lipoprotein

LDL Low-density lipoprotein

LOOH Lipid hydroperoxide

OD Optical density

TBARs Thiobarbituric acid reactive substances

b-thal/Hb E b-Thalassemia with hemoglobin E

Introduction

b-Thalassemia/hemoglobin E (b-thal/Hb E) is a syndrome

caused by mutation on b-globin gene (from b-26 glutamine

to lysine) that is prevalent in the southeast Asia. The

abnormal globin complex is unstable and leads to hemo-

lytic anemia and hemosiderosis [1]. The iron-bound mol-

ecules such as hemichrome and hemin may undergo a

chain of oxidative reactions with biomolecules and cause

dysfunctions of platelets and vascular endothelial cells

[2–5]. Dyslipoproteinemia in thalassemia [6–9] is a con-

sequence of lipid peroxidation associated with iron over-

load [10, 11]. The low cholesterol levels were related to

depletion of vitamin E and severity of thalassemia [2, 12].
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Oxidative modification of thalassemic LDL had been

reported [7–11, 13, 14] which was related to the increased

protein and triglyceride content but decreased cholesterol

and vitamin E content [9]. The presence of oxidized LDL

in thalassemia was evidenced by high levels of CD and

TBARs in LDL [10, 11], and the elevated levels of oxi-

dized LDL antibody in plasma [13]. The high levels of

circulating oxidized LDL in thalassemia were demon-

strated to associate with the early atherosclerosis and

endothelial dysfunction responsible for cardiovascular

complications of the disease [14, 15].

HDL particles exert anti-atherogenic activities by three

major mechanisms: reverse cholesterol transport, carrying

oxidized lipids from tissues and LDL back to liver, and

protection of LDL from oxidation [16–20]. The protective

activity of HDL on LDL oxidation involves enzymatic and

non-enzymatic mechanisms. Enzymes located in HDL such

as paraoxonase-1, platelet-activating factor acetylhydrolase,

and lecithin-cholesterol acyltransferase have been shown to

hydrolyze oxidized lipids and thus inhibit LDL oxidation

[17, 21, 22]. For example, HDL-associated paraoxonase-1

was shown to possess peroxidase activity because of its

ability to hydrolyze LOOH and hydrogen peroxide [23].

This enzyme was believed to protect HDL and LDL from

oxidation. By non-enzymatic mechanisms, HDL could

inhibit LDL oxidation by chelation of metal ions by apoli-

poprotein A-I [24] and by action of antioxidants such as

vitamin E and carotenoids [25]. These findings indicate that

several antioxidant mechanisms exist in HDL.

Thalassemic HDL was shown to have low cholesterol

content, high triglyceride content, abnormal apo A-I [7, 8],

and impairment of paraoxonase activity [26, 27]. Although

the increased levels of oxidized LDL in thalassemia have

been reported, the levels of oxidized HDL and its associ-

ation with LDL oxidation have not been defined. We

hypothesize that thalassemic HDL is oxidatively modified

and has impaired activity to protect LDL from oxidation.

Methods

Subjects

This study was approved by the Committee on Ethical

Practice and the Ethical and Scientific Review Subcom-

mittee of Mahidol University. Informed consent was

obtained from 27 healthy volunteers at the blood bank,

Ramathibodi hospital and 22 patients with thalassemia

intermedia (b-thalassemia/Hb E) at the Hematology Unit,

Faculty of Medicine Siriraj Hospital, Mahidol University.

The healthy volunteers (11 males and 16 females) were

24–52 years of age (mean ± SD = 32 ± 10.3 years).

The thalassemic patients (10 males and 12 females), aged

17–50 years (mean ± SD = 32 ± 11.6 years), were clin-

ically in a steady state with no iron chelation therapy and

blood transfusion for at least 1 month before the study. The

serum ferritin levels of patients ranged from 322 to

5,602 ng/mL. The patients and healthy volunteers who had

history of supplemental vitamin intake within a month or

cigarette smoking were excluded from the study.

Blood Collection and Plasma Preparation

Blood was collected in glass tubes using EDTA (1.5 mg/

mL) as anticoagulant after 8 h of fasting. Plasma was

separated by centrifugation at 2500g for 10 min at 4 �C

and kept at -70 �C within a week before use. For assay of

the peroxidase activity of HDL, heparinized blood (1 unit/

mL) was used.

Lipoprotein Separation

Lipoproteins were separated by sequential density gradient

ultracentrifugation using a Beckman Optima LE-80K

centrifuge and a Ti 90 rotor at 548,000g at 4 �C. The

plasma was adjusted to desired density by addition of

a mixture of Mork’s salt solution and concentrated

KBr solution. LDL was obtained at density between

1.019–1.063 g/mL, HDL2 at density between 1.063 and

1.125 g/mL, and HDL3 at density between 1.125 and

1.210 g/mL [28]. These lipoproteins were stored at -70 �C

until analysis within 1 week.

HDL Composition

The composition of HDL2 and HDL3 was determined by

the following methods: levels of protein content by modi-

fied Lowry’s method [29], total cholesterol by an enzy-

matic test kit (Bio-medical Laboratory, Thailand) to yield

quinoneimide dye with maximum absorption at 550 nm,

and total iron content by measuring the ferrozine-ferrous

ion complex at the optical density (OD) 562 nm [30].

Lipid Peroxidation

Measurement of conjugated diene (CD, an initial lipid

peroxidation marker): 100 lg protein/mL of lipoprotein

suspension was diluted with 2 mL of 10 mM PBS. The OD

at 234 nm was measured immediately to avoid autoxida-

tion in room air [31]. The amount of CD was calcu-

lated with the use of the molar extinction coefficient

(e234 = 29,500 M-1 cm-1) [32].

Measurement of lipid hydroperoxide (LOOH, a marker

of lipid peroxidation produced in the propagation phase):

100 lg protein/mL of lipoprotein suspension was added to

3 mL of 4.5 mM FeSO4 dissolved in 0.2 M HCl with 3%
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deaerated methanolic solution of KSCN. The mixture was

incubated at room temperature for 30 min, then the OD at

500 nm was measured [33].

Measurement of thiobarbituric acid reactive substances

(TBARs, a final lipid peroxidation marker): 500 lL of

lipoprotein suspension (100 lg protein/mL) was used to

determine the levels of TBARs with spectrofluorometer

(Jasco FP 770, Japan Spectroscopic Co. Ltd. Tokyo, Japan)

at 515 nm excitation and 553 nm emission wavelength [34].

Protective Activity of HDL on LDL Oxidation

LDL oxidation was determined as LOOH levels. LDL and

HDL were dialyzed in 10 mM PBS (pH 7.4) for 24 h at 4 �C.

LDL oxidation was conducted in the absence or presence of

HDL. LDL/HDL mixture (ratio 1:1) containing 200 lg

protein/mL in 2 mL of 10 mM PBS buffer (pH = 7.4) was

incubated with 30 lM CuSO4 at 37 �C for 90 min.

Peroxidase Activity of HDL

Hydrogen peroxide (H2O2, 2.5 lg/mL) was added to the

HDL suspension (100 lg protein/mL). The levels of per-

oxide in HDL were determined by the KSCN-method [33]

at the times 0, 15, 30, 60, and 90 min, comparing them

with the levels of peroxide in PBS.

Statistical Analysis

All data are presented as means ± SD. Data processing

and statistical analysis were done by Prism, version 4.0

(GraphPad Software Inc., San Diego, CA). Analysis of

variance (ANOVA) with Tukey’s multiple comparison test

or Student’s t test were used to compare with acceptable

P value less than 0.05.

Results

Composition and Oxidation of Thalassemic HDL

The cholesterol content in HDL2 and HDL3 of b-thal/Hb E

patients was significantly lower in b-thal/Hb E than those of

control (P \ 0.01) (Fig. 1a). Total iron content of thalas-

semic HDL2 and HDL3 (6.80 ± 3.38 and 6.94 ± 3.38 mM,

respectively) was higher than the levels found in healthy

volunteers (1.03 ± 0.40 and 0.57 ± 0.34 mM) (P \ 0.01)

(Fig. 1b), but no difference in protein content was noted

between the two groups (Fig. 1c).

HDL3 of b-thal/Hb E, however, showed increased levels

of CD (Fig. 2a). The HDL2 and HDL3 of b-thal/Hb E had

increased levels of LOOH (HDL2, 1.14 ± 0.34 versus

0.48 ± 0.42 lM; HDL3, 1.23 ± 0.38 vs 0.70 ± 0.39 lM)

(P \ 0.05) (Fig. 2b). Levels of the final lipid peroxidation

product (TBARs) in thalassemic HDL3 were higher than

those of control HDL3 (0.41 ± 0.08 versus 0.22 ±

0.08 lM) (P \ 0.05) (Fig. 2c). Although the levels of CD

and TBARs in HDL2 were not different from control, the

ratio of CD, LOOH, and TBARs to cholesterol in HDL2

and HDL3 appeared to be higher in thalassemia than in

control (Fig. 2d–f).

Protective Effect of HDL on LDL Oxidation

The peroxidase activity of HDL from healthy volunteers

and of b-thal/Hb E patients was monitored by measuring a

Fig. 1 Biochemical

composition of HDL2 and HDL3

obtained from control healthy

volunteers (n = 12) and

thalassemia patients (n = 10).

a Total cholesterol (mg/dL).

b Total iron content (mM).

c Protein content (lg/mL). Data

are means ± SD. *P \ 0.05

with the unpaired t-test

compared with control
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decrease of peroxide levels after addition of 2.5 lg/mL

H2O2 to the HDL mixture for 90 min (Fig. 3a). In PBS,

without addition of HDL, there was no change in peroxide

levels after 90 min. Control HDL from healthy volunteers

decreased peroxide levels to 47% of the initial values after

90 min of incubation. Thalassemic HDL showed the

slower rate of peroxide decrease and after 90 min of

incubation the levels decreased to 72% of the initial levels.

To test whether thalassemic HDL has the ability to

prevent LDL oxidation, oxidation of LDL (200 lg protein/

mL) obtained from healthy volunteers was induced by

30 lM CuSO4 in the presence and absence of HDL. The

maximal LOOH levels (6.23 ± 1.43 lM) were obtained at

90 min following incubation of LDL and CuSO4 at 37 �C

and then the levels decreased gradually. Thus, the effect of

HDL on LDL oxidation induced by CuSO4 was examined

by measuring LOOH levels at this time point. Control and

thalassemic HDL was also oxidized by the same concen-

tration of CuSO4 and the LOOH levels at 90 min were

4.81 ± 0.97 and 4.75 ± 0.63 lM, respectively (Fig. 3b).

When the control HDL from healthy volunteers was added

into the LDL/CuSO4 mixture, LDL oxidation was

decreased significantly by 44% (LOOH content = 3.46 ±

0.57 lM, P \ 0.05 compared with the mixture without

HDL). However, the thalassemic HDL was unable to pre-

vent LDL oxidation (23% decrease, LOOH content =

4.82 ± 0.83 lM).

Discussion

HDL is known to regulate lipoprotein metabolism and

reverse cholesterol transport which contributes to the anti-

atherogenic property. The anti-atherogenic activity of HDL

is related to their cholesterol levels, especially when those

levels are higher than 60 mg/dL [35]. In addition, HDL

possesses the protective activities that prevent lipoprotein

oxidation by carrying oxidized lipids from peripheral tis-

sues and LDL to liver. HDL also contains enzymes

including paraoxonase-1 [23, 36], lecithin/cholesterol

acyltransferase [19, 22], and platelet-activating factor

acetylhydrolase [17] that are believed to be responsible for

the protective antioxidant activity on LDL oxidation.

Our study demonstrates that thalassemic HDL is oxi-

datively modified, probably because of oxidative stress,

high iron content, and impaired peroxidase activity to

protect HDL itself. The oxidative changes of thalassemic

HDL are also related to the low cholesterol content in

HDL. Thalassemic HDL contains high concentrations of

lipid peroxidation products (CD, LOOH and TBARs), but

low cholesterol content. HDL3 had significantly higher

levels of lipid peroxidation markers than HDL2. HDL2 had

no difference in the levels of CD and TBARS compared to

control, however, the ratio of these markers to cholesterol

content was increased. These suggest that the oxidative

modification of thalassemic HDL has association with the

Fig. 2 Lipid peroxidation markers of HDL2 and HDL3 from control

healthy volunteers (n = 12) and thalassemic patients (n = 10).

a Conjugated diene (CD, lM). b Lipid hydroperoxide (LOOH,

lM). c Thiobarbituric acid reactive substances (TBARs, lM).

d–f Ratio of CD, LOOH, and TBARs to cholesterol (lmol/g

cholesterol). Data are means ± SD. *P \ 0.05 with the unpaired

t test compared with control
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increased oxidative stress in thalassemia [2, 4]. Our data

that HDL3 (an innate HDL which is important in reverse

cholesterol transport) has higher lipid peroxidation markers

than HDL2 (a form of HDL after accepting cholesterol)

corresponds to the functions of HDL3 that serves to accept

oxidized lipids from other lipoproteins and tissues [18,

37–39]. Thus, the antioxidant mechanisms within HDL3 act

to remove oxidized intermediates and lessen accumulation

of LOOH and TBARs in HDL2.

In addition to accepting oxidized lipids from tissues and

lipoproteins and carrying them back to liver [18], HDL3

contains paraoxonase-1 which possesses peroxidase activ-

ity [40]. This enzyme located on HDL3 is believed to

involve in the enzymatic protection against lipoprotein

oxidation [23]. Decreased activity of plasma and HDL-

associated paraoxonase-1 was reported in thalassemia

[26, 27]. The impaired peroxidase (or paraoxonase-1)

activity of thalassemic HDL could be secondary to an

increase of circulating proinflammatory oxidized lipids that

negatively regulate paraoxonase-1 functions [41]. In other

words, the oxidative stress and iron overload in thalassemia

could lead to inhibition of HDL-associated paraoxonase-1

that protects both HDL and LDL from oxidation. Conse-

quently, both HDL and LDL are oxidatively modified in

thalassemia, causing an accumulation of oxidized lipids as

indicated by elevated levels of oxidative markers in thal-

assemic HDL. Apart from the low peroxidase activity of

HDL, increased oxidative stress in thalassemia would

result in elevated oxidized lipids in blood and tissues,

which are transferred to HDL. Thus, the low peroxidase

activity within HDL and increased transfer of oxidized

lipids to HDL would cause accumulation of lipid peroxi-

dation markers in thalassemic HDL.

LOOH is an important intermediate of lipid peroxida-

tion. Lipid peroxidation is triggered by free radical species

such as hydroxyl radical derived from iron-mediated

reduction of hydrogen peroxide (H2O2) and by non-radical

species including LOOH. The process is generally descri-

bed as three phases: initiation, propagation, and termina-

tion. In initiation phase, for example, hydroxyl radical

(.OH) can abstract hydrogen from polyunsaturated fatty

acids at the Sn-2 position of phospholipids of LDL. The

process proceeds via the formation of conjugated diene and

peroxyl radical (LOO.) which either forms LOOH or

degrades to release aldehydes [17]. In propagation phase,

LOOH undergoes Fenton-like reaction in the presence of

metal ions, producing lipid alkoxyl (LO.) and peroxyl

radicals that cause chain of reactions. Finally, the

bi-molecular reactions of alkyl (L.) or peroxyl radicals

produce non-radical products in termination phase. The

peroxidase activity of HDL is thus important in terminating

the propagation of lipid peroxidation by removal of LOOH

and H2O2. Poor peroxidase activity of thalassemic HDL-

associated paraoxonase-1 would result in retention of

LOOH in HDL and increased susceptibility of LDL to

oxidation in the presence of high iron content.

In conclusion, our study demonstrates the existence of

oxidized HDL in thalassemia, which has low peroxidase

activity and poor ability to protect LDL from oxidation.

The poor protective activity of thalassemic HDL is

Fig. 3 Peroxidase activity and protective effect of HDL on LDL

oxidation. a Peroxidase activity of HDL from healthy volunteers

(n = 10) and b-thal/HbE patients (n = 10). Levels of peroxide were

measured at different time after addition of 2.5 lg/mL H2O2 into

HDL mixture (100 lg protein/mL) at 37 �C. *P \ 0.05 compared

between control and thalassemia. b Lipid hydroperoxide (LOOH)

levels in LDL obtained from healthy volunteers (n = 5) were

measured before and after incubation with 30 lM CuSO4 for

90 min at 37 �C. LOOH levels were also determined in control

HDL (cHDL) and thalassemic HDL (tHDL) (n = 5 each) in the

presence of CuSO4. All reaction mixtures contained final protein

concentration of 200 lg/mL. The ratio of LDL:HDL was 1:1. Data

are mean ± SD. * P \ 0.05 as analyzed by one-way ANOVA with

Tukey’s multiple comparison test
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consistent with the compositional changes and high levels

of oxidative markers. This impaired function of HDL

would promote generation of pathogenic oxidized LDL

that could be responsible for cardiovascular complications

in thalassemia.
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Abstract Sphingomyelin was isolated from cysts of the

brine shrimp Artemia franciscana using QAE-Sephadex

A25, Florisil and Iatrobeads column chromatographies.

The chemical structure was identified using thin-layer

chromatography, gas–liquid chromatography, infrared

spectroscopy and matrix-assisted laser desorption ioniza-

tion time-of-flight mass spectrometry. The ceramide moi-

ety of sphingomyelin consisted of stearic, arachidic, and

behenic acids as fatty acids, and hexadeca-4- and hepta-

deca-4-sphingenines as sphingoids. By comparative anal-

ysis, the ceramide component of Artemia sphingomyelin

appears unique in invertebrates and vertebrates. Biological

functions of sphingomyelin have largely been investigated

using mammalian-derived sphingomyelin. In mammals, a

wide variety of molecular species of sphingomyelins have

been reported, especially derived from nerve tissue, while

the lower animal Artemia contains this unusual sphingo-

myelin perhaps because of having a much simpler nervous

system. The purified unusual sphingomyelin derived from

Artemia franciscana might be a very useful tool in eluci-

dating the functions and mechanisms of action of this

mediator.

Keywords Sphingomyelin � Chemical characterization �
Comparative analysis of ceramide composition

Abbreviations

SM Sphingomyelin

GC Gas chromatography

GC-MS Gas chromatography-mass

spectrometry

IR Infrared spectroscopy

MALDI-TOF MS Matrix-assisted laser desorption

ionization time-of-flight mass

spectrometry

PSD Post-source decay

TLC Thin-layer chromatography

Introduction

Sphingomyelin (SM), or ceramide phosphocholine, con-

sists of ceramide and phosphorylcholine moieties. It is the

sphingolipid analogue of phosphatidylcholine, which is

important as a precursor of intracellular mediators [1, 2].

SM is a component of microdomains and lipid rafts, which

play the foundational role in several immune responses and

intercellular signaling [3, 4].

The study of SM began in the late nineteenth century,

and SM was first isolated from brain tissue in the 1880s [5]

and its structure characterized as N-acyl-sphingosine-1-

phosphorylcholine in 1927 [6]. Later, SM was isolated and

characterized from many vertebrate organisms such as

humans, bovines, rats, mice, and frogs [7–10], but was not

isolated from invertebrates until later. SM was reported as

a major phosphosphingolipid in vertebrates and a minor

phosphosphingolipid in invertebrates using thin-layer

chromatography (TLC) [11]. In the last few decades, SMs

have been isolated and characterized from several

H. Kojima � T. Inoue � M. Ito (&)

Department of Bioinformatics,

Institute of Science and Engineering, Ritsumeikan University,

1-1-1 Nojihigashi, Kusatsu, Shiga 525-8577, Japan

e-mail: maito@sk.ritsumei.ac.jp

H. Kojima � M. Sugita � S. Itonori

Department of Chemistry, Faculty of Liberal Arts

and Education, Shiga University, 2-5-1 Hiratsu, Otsu,

Shiga 520-0862, Japan

123

Lipids (2010) 45:635–643

DOI 10.1007/s11745-010-3438-8



invertebrate organisms, i.e. the octopus Octopus vulgaris

[12], the crawfish Cambarus claki [13], the pearl oyster

Pinctada martensii [14, 15], the squid Loligo paelei [16,

17], the parasitic nematode Ascaris suum [18], the crab

Erimacrus isenbeckii [19], the honey bee Apis melliferea

[20], the moth Manduca sexta [21], and the ascidians

Ciona intestinalis, Halocynthia roretzi, Halocynthia aur-

antium and Styela clava [22]. An SM-recognizing toxin,

lysenin, was extracted from the earthworm Eisenia foetida

[23]. The phylogenetic distribution of SM on invertebrate

and vertebrate spermatozoa was screened using lysenin

binding as an SM-specific probe, and was shown to be

different from the previously-accepted distribution. In

other words, SM was widely distributed in invertebrates

except for Echinodermata and Lophotrochozoa [24–26].

SM should be identified from such organisms to better

understand its phylogenetic distribution and fundamental

role.

In this paper, we report the isolation and characteriza-

tion of SM from cysts of the brine shrimp Artemia fran-

ciscana, and compare the ceramide composition of SM in

known invertebrate and vertebrate organisms.

Experimental Procedure

Isolation of Sphingomyelin

The cysts (diapausing eggs) of brine shrimp (2.5 kg)

purchased from A & A Marine LLC (Salt Lake City,

Utah, USA) were ground to powder in a mortar. Lipids

were extracted once with 4.5 l of chloroform/methanol

(2:1, by vol) for 3 h, once with 4.5 l of the same solvent

mixture over night and once with 4 l of chloroform/

methanol (1:1, by vol) over night at room temperature.

The combined chloroform–methanol extracts were con-

centrated by a rotary evaporator at 40 �C, and subjected

to mild alkaline hydrolysis in 700 ml of 0.5 M KOH in

methanol to eliminate acyl- and alkenyl-glycerolipids.

The hydrolyzate was acidified with several drops of

conc. HCl (pH 1), kept for 1 h at room temperature, and

dialyzed against tap-water for 2 days. The inner fluid

was concentrated to near dryness in vacuo at 40 �C, and

dissolved in 120 ml of chloroform/methanol (2:1, by

vol). The solution was divided into 8 centrifugal tubes,

precipitated with 150 ml of cold acetone per tube, cen-

trifuged at 3,000 rpm at 4 �C for 15 min, and the

resulting supernatant was removed by decantation. The

remaining precipitate was re-suspended with cold ace-

tone, and centrifuged. This step was repeated once more,

and the resulting precipitate was dried (yield: 4.4 g). The

alkaline-stable product was dissolved in 90 ml of chlo-

roform/methanol (2:1, by vol), and to this was added

90 ml of methanol and 16 ml of water to obtain a vol-

ume ratio of chloroform/methanol/water of 30:60:8. This

was mixed with 20 g of QAE-Sephadex A-25, OH-

form (GE Healthcare Co.). The resulting slurry was

applied to a column (3.4 9 32 cm) packed with 40 g of

QAE-Sephadex A-25 equilibrated with chloroform/

methanol/water (30:60:8, by vol). The column was

chromatographed successively with chloroform/methanol/

water (30:60:8, by vol; 1.5 l), pure methanol (300 ml),

and 0.45 M ammonium acetate in methanol (1.5 l). The

separation of sphingolipids was monitored by TLC. The

neutral and zwitterionic sphingolipid fraction obtained

from the pass-through eluate was acetylated in 40 ml of

pyridine/acetic anhydride (3:2, by vol) for 18 h, and

evaporated to dryness. The acetylated fraction was then

chromatographed on a column (2.0 9 90 cm) packed

with 120 g of Florisil, 60–100 mesh (Nacalai Tesque,

Inc.) using the slightly modified method of Saito and

Hakomori [27]. The column was eluted successively with

840 ml of hexane/dichloroethane (1:4, by vol), 840 ml of

pure dichloroethane, 840 ml of dichloroethane/acetone

(1:1, by vol), 1.68 l of dichloroethane/methanol (9:1, by

vol), 1.4 l of dichloroethane/methanol (3:1, by vol),

843 ml of dichloroethane/methanol/water (2:8:1, by vol),

1.1 l of chloroform/methanol/water (6:4:1, by vol), and

843 ml of chloroform/methanol/water (2:8:1, by vol).

The eluate obtained using chloroform/methanol/water

(6:4:1, by vol) was evaporated to dryness, deacetylated

with 40 ml of 0.5 M KOH in methanol at 37 �C for 6 h,

neutralized with conc. HCl, and dialyzed against tap-

water for 2 days. The inner fluid was concentrated to

near dryness in vacuo at 40 �C.

Thin-Layer Chromatography

The solvents used for TLC were as follows; n-butanol/

acetic acid/water (12:3:5, by vol), chloroform/methanol

(92:8, by vol), chloroform/methanol/water (6:4:1, by vol),

and chloroform/methanol/acetic acid/water (6:4:1:1, by

vol). The zwitterionic sphingolipid on thin layer plates of

silica gel 60 (Merck KGaA) was visualized by spraying

with Dittmer-Lester reagent [28]. The hydrophilic material

obtained from the zwitterionic sphingolipid was developed

on a cellulose plate, Avicel SF (Funakoshi Chemicals Co.)

and visualized with Hanes-Isherwood reagent [29].

Fatty Acid Analysis

For determination of fatty acid composition, 0.1 mg of

sample was methanolyzed with 0.2 ml of 1 M anhydrous

methanolic HCl at 100 �C for 3 h. The fatty acid methyl

esters produced were extracted with n-hexane and analyzed

by GC and GC–MS.

636 Lipids (2010) 45:635–643

123



Sphingoid Analysis

Sphingoid composition was determined by the method of

Gaver and Sweeley [30]. In brief, about 0.2–0.3 mg of

sample was methanolyzed in 0.2 ml of aqueous HCl-

methanol reagent (methanolic reagent containing 8.6%

conc. HCl and 9.4% water) at 70 �C in the oven for 18 h.

The hydrolyzate was extracted with n-hexane to remove

fatty acids, and the residual methanolic phase was dried

under nitrogen gas and made alkaline with 0.6 ml of

methanol/1 M sodium hydroxide (4:3, by vol). Sphingoids

were extracted into a lower phase by adding 0.72 ml of

chloroform, which was then washed twice with 0.4 ml of

methanol/water (1:1, by vol), trimethylsilylated, and ana-

lyzed by GC and GC–MS.

Gas Chromatography and Gas Chromatography-Mass

Spectrometry

Compositional analyses of fatty acids and sphingoids were

carried out using a Shimadzu GC-18A gas chromatograph

with a capillary column of Shimadzu HiCap-CBP 5

(0.22 mm 9 25 m). The temperature increase was pro-

grammed at 4 �C/min from 170 to 230 �C for fatty acid

analysis and 2 �C/min from 210 to 230 �C for sphingoid

analysis. Electron impact ionization mass spectra were

taken using a Shimadzu GCMS-QP5050 gas chromato-

graph-mass spectrometer with the same capillary column

under the following conditions; interface temperature,

250 �C, injection port temperature, 240 �C, helium gas

pressure, 100 kPa, and ionizing voltage, 70 eV. The oven

temperatures for GC–MS analysis were 80 �C

(2 min) ? 170 �C (20 �C/min) ? 240 �C (4 �C/min) for

fatty acids, and 80 �C (2 min) ? 210 �C (20 �C/

min) ? 230 �C (4 �C/min) for sphingoids, respectively.

Infrared Spectroscopy

Infrared spectroscopy (IR) was performed using a Shima-

dzu FTIR-8400S spectrophotometer with a MIRacle A

single reflection horizontal ATR using a ZnSe prism (PIKE

Technologies, Inc). Artemia SM was dissolved in chloro-

form/methanol (2:1, by vol) and 50 lg of SM was put on

the sampling area of the ATR and air-dried, and was

scanned by 45 times accumulation.

Hydrolysis with Butanolic HCl

About 5 mg of SM was hydrolyzed with 1 ml of n-butanol/

6 M HCl (1:1, by vol) in boiled water for 60 min. The

reaction mixture was partitioned by adding 1 ml of water.

The butanolic phase was dried by a rotary evaporator and

the residue was washed with acetone. The acetone

insoluble material was dissolved in chloroform/methanol

(9:1, by vol) and fractionated on a column (0.6 9 10 cm)

packed with Iatrobeads (6RS-8060, Mitsubishi Kagaku

Iatron Inc., Tokyo). The column was eluted successively

stepwise with 10 ml of chloroform/methanol at ratios of

8:2, 7:3, 6:4, and 5:5 (by vol). The eluates obtained from

this column using chloroform/methanol 6:4 were pooled

and analyzed by TLC and IR for identification of

sphingosylphosphocholine.

Hydrolysis with Hydrofluoric Acid

About 5 mg of SM dissolved in 0.5 ml of dimethylsulf-

oxide was hydrolyzed in 3.5 ml of hydrofluoric acid at

room temperature for 20 h. The reaction mixture was

dialyzed against tap-water for 2 days and the inner fluid

concentrated to near dryness in vacuo at 40 �C. The

product was dissolved in chloroform and fractionated on a

column (1.4 9 6 cm) packed with Iatrobeads. The column

was eluted successively with 10 ml of chloroform/metha-

nol 98:2 (by vol), 95:5, 9:1 and 8:2. The eluates obtained

from this column using chloroform/methanol 9:1 were

pooled and analyzed by TLC and IR for identification of

the ceramide moiety.

Hydrolysis with Phospholipase C

About 2 mg of SM was suspended in 0.2 ml of 50 mM

Tris–HCl buffer (pH7.5), containing 0.1 ml of 20 mM

calcium chloride and 0.2 ml of diethyl ether, and hydro-

lyzed with 500 lg of phospholipase C derived from

Clostridium perfringens (Sigma–Aldrich Co.) at 37 �C for

24 h. The reacted mixture was heated in boiled water for a

few seconds to evaporate diethyl ether. The residual fluid

was partitioned by adding 2 ml of chloroform/methanol

(2:1, by vol) and the upper phase was analyzed by TLC for

identification of phosphocholine. The lower phase was

applied to a column (1.4 9 6 cm) packed with Iatrobeads

and eluted successively with 10 ml of chloroform/methanol

98:2 (by vol), 95:5, 9:1, and 8:2. The eluates obtained using

chloroform/methanol 9:1 were pooled and analyzed by

TLC and IR for ceramide identification.

MALDI-TOF MS

MALDI-TOF MS analysis was performed using an

Applied Biosystems/Voyager-DE STR Biospectrometer

with a nitrogen laser (337 nm) and an acceleration voltage

of 20 kV, operating in the reflector positive-ion mode and

the post-source decay (PSD) mode. The matrix used was

a-cyano-4-hydroxycinnamic acid (a-CHCA; Proteomics

Grade, Wako Chemical Co.). External mass calibration was

provided by the [M ? Na]? ions of angiotensin I (1296.69

Lipids (2010) 45:635–643 637
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mass units; Sigma–Aldrich Co.) in the reflector and PSD

modes and Bradykinin Fragment I–V (573.31 mass units;

Sigma–Aldrich Co.) in the reflector mode.

Results and Discussion

Isolation of Sphingomyelin

Crude sphingolipids (4.4 g) were obtained from 2.5 kg of

cysts of the brine shrimp Artemia franciscana after alkaline

and acid treatment of chloroform/methanol extracts

(398 g). In TLC analysis of the crude sphingolipids, a

single positive band was detected using Dittmer-Lester

reagent (Fig. 1). This band was assumed to be sphingo-

myelin from its Rf value. There was no double positive

band to either Dittmer-Lester or ninhydrin reagents, as

would have been seen if ceramide aminoethylphosphonate

(CAEPn) and ceramide phosphoethanolamine (CPEA)

were present (data not shown). The crude sphingolipids

were chromatographed on a QAE-Sephadex column and

the lipid fraction obtained was purified by Florisil column

chromatography after acetylation. SM was deacetylated

and returned to its original state (634 mg).

Infrared Spectroscopy Analysis

Artemia SM was analyzed by infrared spectroscopy

(Fig. 2). Absorption peaks corresponding to the amide

bond, the hydroxyl group of phosphoric acid, and choline

were observed at about 1,550, 1,650, 1,220, and 960 cm-1

from Artemia SM and standard SM of bovine brain,

respectively.

Gas Chromatography Analysis

Gas chromatography was carried out to determine the fatty

acid and sphingoid composition of the ceramide portion of

Artemia SM (Table 1). In the analysis of fatty acids, be-

henic acid was a dominant component (85.4%), with

stearic acid (11.6%) and arachidic acid (3.0%) also being

present (Fig. 3a). In the sphingoid analysis, only two

sphingenines, hexadeca-4-sphingenine (67.9%) and hepta-

deca-4-sphingenine (32.1%), were detected (Fig. 3b, c).

Confirmation of Sphingomyelin

To confirm the existence of the N-acylamide bond, SM

from both Artemia and bovine brain was hydrolyzed with

n-butanol and HCl. Following butanolysis, the product

from both types of SM was positive to ninhydrin reagent

and shifted to a lower Rf value (Fig. 4a). Another IR

analysis was performed after this butanolysis. Compared

with the spectra of intact SM, absorption by the reaction

product showed loss of both the amide bond at about 1,550

and 1,650 cm-1 and the methylene group at about 2,800

and 2,900 cm-1 (Fig. 5b). This shows the loss of the fatty

Fig. 1 Thin layer chromatogram

of the zwitterionic sphingolipids

isolated from cysts of the brine

shrimp Artemia franciscana.

Lane 1 crude sphingolipids

obtained from Artemia
franciscana (Alkaline stable

lipids); lane 2 sphingomyelin of

bovine brain; lane 3 Zwitterionic

brine shrimp sphingolipid

fraction obtained by Florisil

column chromatography with

chloroform/methanol/water

(60:40:10, by vol)

5001000150020002500300035004000

Wave number (1/cm)

a

b

Fig. 2 Infrared spectrum of the isolated zwitterionic brine shrimp

sphingolipid. a Material isolated from cysts of the brine shrimp

Artemia franciscana after Florisil chromatography with chloroform/

methanol/water (60:40:10, by vol); b bovine brain sphingomyelin

Table 1 Ceramide composition of Artemia sphingomyelin

Fatty acid (%) Sphingoid (%)

18:0 11.6 d16:1 67.9

20:0 3.0 d17:1 32.1

22:0 85.4
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acid portion by butanolysis and the existence of

sphingosylphosphocholine in Artemia SM.

Furthermore, Artemia SM was hydrolyzed with hydro-

fluoric acid to dissociate the ester bond. After hydrolysis,

the Rf value of hydrophobic material from Artemia SM

corresponded on TLC to that of non-hydroxy ceramide of

bovine brain (Fig. 4b). IR analysis was also performed on

this hydrophobic material. Compared to the spectra of

intact Artemia SM, absorption of the hydrolyzate disap-

peared both for the hydroxyl group of phosphoric acid at

about 1,220 cm-1 and for choline at about 960 cm-1

(Fig. 5c). This shows the removal of phosphocholine by the

hydrofluoric acid treatment and the existence of non-

hydroxy ceramide in Artemia SM.

Artemia SM was also hydrolyzed with phospholipase C

to dissociate the phosphoric diester bond. After hydrolysis,

the Rf value of hydrophilic material derived from Artemia

SM corresponded to that of authentic phosphocholine on

cellulose TLC (Fig. 4c). On the other hand, the IR

spectrum of the phospholipase C hydrolyzate’s hydropho-

bic component showed the disappearance of both the

hydroxyl group of phosphoric acid at about 1,220 cm-1

and choline at about 960 cm-1 (Fig. 5d). This indicates

both the existence of phosphocholine in Artemia SM, and

its removal by phospholipase C treatment. The analytic

methods employed here (gas chromatography, and TLC

and IR analysis before and after various hydrolytic treat-

ments) have thus demonstrated that Artemia SM consists of

fatty acid, sphingoid, sphingosylphosphocholine, ceramide

and phosphocholine. Consequently, this SM is confirmed to

be ceramide phosphorylcholine.

MALDI-TOF MS Analysis

The putative structures of Artemia SM were confirmed by

positive-ion mode MALDI-TOF MS analysis as shown in

Fig. 6a and summarized in Table 2. Mass spectra were

observed corresponding to the combination of fatty acids

and sphingoids detected in gas chromatographic analyses.

Several different pseudomolecular ions were observed

because of different ceramide species, which were in

agreement with the mass values calculated from the pro-

posed structures, e.g.: the [M ? H]? ions at m/z 759.61 and

M
415

M-15
400

M-103
312

M-105
310

M-132
283

132

116
73

236
222

M
429

M-15
414

M-103
326

M-105
324

M-132
297

132

116
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10 20

(a)
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(c)
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(b)

(b)

(a)c

Fig. 3 Gas chromatograms and mass spectra of ceramide constituents

from Artemia sphingomyelin. a Fatty acid methyl esters of (a) stearic,

(b) arachidic, and (c) behenic acid. b Sphingoids of N-free trimeth-

ylsilyl derivative of (a) hexadeca-4-sphingenine, (b) heptadeca-4-

sphingenine. c Mass spectra of trimethylsilylated sphingoids, (a) and

(b), correspond to peaks (a) and (b) in b

2 31 2 31 2 31 4 1 2

Ninhydrin Dittmer

a b c

Fig. 4 Thin layer chromatograms of products of degradation analysis

of Artemia sphingomyelin. a Thin layer chromatogram of butanol-

ysate of sphingomyelins, lane 1 sphingosylphosphocholine obtained

by acid butanolysis of bovine brain sphingomyelin; lane 2 intact

sphingomyelin of Artemia franciscana; lane 3 Butanolysate of

sphingomyelin of Artemia franciscana. b Thin layer chromatogram

of the hydrophobic hydrolyzate obtained after hydrofluoric acid

treatment of sphingomyelins. Lane 1 non-hydroxy ceramide of bovine

brain; lane 2 hydroxy ceramide of bovine brain; lane 3 hydrolyzate of

bovine brain sphingomyelin using hydrofluoric acid; lane 4 hydro-

lyzate of Artemia sphingomyelin using hydrofluoric acid. c Thin layer

chromatogram of the hydrophilic hydrolyzate of sphingomyelin after

phospholipase C treatment. Lane 1 Authentic phosphocholine; lane 2
Hydrolyzate of Artemia sphingomyelin by phospholipase C. Lipids on

TLC plates were developed by a, chloroform/methanol/acetic acid/

water (60:40:10:10, by vol) and visualized by ninhydrin or Dittmer-

Lester reagent; b chloroform/methanol (98:2, by vol) and visualized

by sulfuric acid reagent. c Materials on TLC plate precoated with

cellulose were developed by n-butanol/acetic acid/water (12:3:5, by

vol) and visualized by Hanes-Isherwood reagent
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773.62 coincided with the mass value of 1 mol each of

phosphocholine, fatty acid (22:0) and sphingoid (d16:1 and

d17:1; see Table 2); and the [M ? Na]? ion at m/z 781.60

and 795.62 coincided with the mass value of the same

combination. The sodiated peaks were of stronger intensity

than the protonated ones.

To confirm the assignment of SM species, MALDI-TOF

MS analysis in the PSD mode was carried out (Fig. 6b).

The three major fragments in this mass spectrum corre-

spond to the sodiated product less the trimethylamine

([M–N(CH3)3 ? Na]? ion at m/z 722.5) or less the phos-

phocholine head group ([M–N(CH3)3C2H5O4P ? Na]?

ion at m/z 598.3), as well as protonated phosphocholine

([N(CH3)3C2H6O4P]? ion at m/z 183.7). The theoretical

mass of protonated phosphocholine is m/z 184.1. The dif-

ference between measured mass and theoretical mass was

0.4 Da, which is within measurement error of PSD mode

on Voyager spectrometer. Consequently, we assigned the

fragment m/z 183.7 as protonated phosphocholine. From

spectrometric data and degradation analyses, we identified

the chemical structure of Artemia SM (Fig. 6c).

Ceramide Components of Sphingomyelin in Vertebrate

and Invertebrate

In vertebrates, SMs have been detected in mammals and

frogs [9], but their structures have only been characterized

in mammals [32–43]. Fatty acids of SM in several tissues

from various mammals are predominantly composed of

palmitic and lignoceric acids, and there has been no report

showing arachidic acid as the major component. In studies

of SM sphingoids in mammals, octadecasphingenine is

dominant while hexadeca-, heptadeca- and cosadecasp-

hingenine are reported as minor components. Structural

analyses of SM in invertebrates have been reported from

Pinctada martensii [15] and Loligo paelei [16, 17] (Mol-

lusca), Ascaris suum (Nematoda) [18], Cambarus clarki,

Erimacrus isenbeckii, Apis melliferea and Manduca sexta

(Arthropoda) [13, 19–21], and the ascidians Ciona intes-

tinalis, Halocynthia roretzi, Halocynthia aurantium and

Styela clava (Urochordata) [22]. The major fatty acids are

palmitic and stearic acid in Mollusca, lignoceric and hy-

droxylignoceric acid in Ascaris suum, unsaturated doco-

sanoic and behenic acid in Arthropoda, and stearic,

palmitic and behenic acid in Urochordata. Dihydroxy

sphingoids with a polyunsaturated base are common in

SMs from Mollusca. Tetradecasphingenine is common in

SMs from Arthropoda. In Urochordata the main sphingoids

are octadecasphingadienine and hexadecasphingenine.

This study presents the isolation and characterization of

Artemia SM as the 8th report in protostomes. The major

components of SM from the brine shrimp are, unusually,

behenic acid-hexadecasphingenine and behenic acid-hep-

tadecasphingenine, although these components are found as

minor components in SM of bovine milk [34, 35, 43], rennet

stomach [36] and Halocynthia aurantium and Styela clava

[22]. All of these are deuterostomes. In all phosphosphin-

golipids except for SM, the ceramide components of Art-

emia SM are present in millipede CPEA, although only as

minor components [31]. In other words, it is characteristic

of the ceramide composition of SM from the brine shrimp

that behenic acid-hexadecasphingenine and behenic acid-

heptadecasphingenine are present in unusually high pro-

portions, namely about 60 and 30%, respectively.

Sphingomyelin plays an important role in several

immune responses and intercellular signaling. Ceramide

and sphingosylphosphocholine have been reported to act as

lipid mediators, ceramide in apoptosis [44] and cell cycle

arrest [45], and sphingosylphosphocholine in Ca2? influx

inhibition [46], stimulation of inositol phosphate produc-

tion [47] and induction of superoxide anion formation [48].

Most of these investigations utilized commercially sup-

plied lipids composed of octadecasphingenine. Further-

more, there is an interesting report that relates function and

acyl-group components [49]. That report indicates that SM

Wave number (1/cm)
1000150020002500300035004000 600

a
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d

Fig. 5 Infrared spectra of Artemia sphingomyelin and its hydroly-

zate. a Sphingomyelin, b sphingosylphosphocholine obtained by acid

butanolysis, c ceramide obtained by hydrofluoric acid hydrolysis, and

d ceramide obtained by phospholipase C hydrolysis
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is specifically required for expression of glucuronyltrans-

ferase activity and that difference in enzyme activity is

affected by the degree of saturation in the fatty acid

portion. Thus, acyl-chain differences in the aliphatic

component may affect function. Fortunately, Artemia SM

could supply unusual ceramides and sphingosylphosph-

ocholine for research purposes, after hydrolytic removal of

its phosphoric acid group and after butanolysis, respec-

tively. The unusual SM derived from Artemia franciscana

might be very useful in elucidating functions and mecha-

nisms of action of the mediators.
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Abstract Benefits of eicosapentaenoic acid (EPA) can be

enhanced by raising their bioavailability through micro-

encapsulation. Pollen can be emptied to form hollow shells,

known as exines, and then used to encapsulate material,

such as oils in a dry powder form. Six healthy volunteers

ingested 4.6 g of fish oil containing 20% EPA in the form

of ethyl ester first alone and then as 1:1 microencapsulated

powder of exines and fish oil. Serum bioavailability of EPA

was measured by area under curve (AUC0–24). The mean

AUC0–24 of EPA from ethyl ester with exine (M = 19.7,

SD = 4.3) was significantly higher than ethyl ester without

exines (M = 2, SD = 1.4, p \ 0.01).The bioavailability of

EPA is enhanced by encapsulation by pollen exines.

Keywords Exines � Microencapsulation �
Eicosapentaenoic acid � Bioavailability

Abbreviations

Ar Argon laser

AUC(0–24) Area under the curve between time 0–24 h

BHT Butylated hydroxytoluene

C/M Chloroform methanol

EPA Eicosapentaeoic acid

FAME Fatty acid methyl esters

GLC Gas liquid chromatography

HeNe Helium neon

LCPUFA Long chain poly unsaturated fatty acids

M Mean

SD Standard Deviation

SEM Scanning electron microscopy

SPSS Statistical Package for the Social Sciences

Introduction

Eicosapentaenoic acid (EPA) and docosahexaenoic acid,

the main long chain polyunsaturated fatty acids (LCPUFA),

can only be obtained from a fish and shellfish rich diet.

Recent trials have shown that EPA in the form of ethyl

ester added to statins in hypercholesterolaemic Japanese

resulted in 19% relative risk reduction in major cardio-

vascular events [1]. Instead of being taken to prevent

nutritional deficiency they are now being taken to prevent

diseases with an inflammatory pathology, including car-

diovascular diseases [2]. One strategy to raise plasma

concentration of LCPUFA is to optimise their absorption

and bioavailability.

Microencapsulation has been used to mask unpleasant

taste in food sciences as well as to protect against light and

airborne oxidation [3, 4]. Pollen and plant spores, from

mosses and ferns have an outer layer skeleton known as the

exine that is composed of sporopollenin [5, 6]. Exine

microencapsulation technology has been shown to provide

excellent taste masking for fish oils [7], they have been

investigated for use as a contrast agent [8] and attempts

have been made to introduce them as a novel method of
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oral delivery of substances into the blood stream as

opposed to the parenteral route [9].

In this study we have investigated whether encapsulat-

ing the ethyl ester form of fish oil with exine microcapsules

extracted from readily available and renewable Lycopodium

clavatum spores, can enhance the bioavailability, measured

by area under the curve, of EPA delivered as ethyl ester

alone.

Experimental Procedure

This was an open-labelled study. Six healthy volunteers

without concomitant illnesses or medications were

recruited from an advertisement for healthy volunteers in

Hull University and Hull Royal Infirmary. The study

protocol was approved by the Hull and East Riding

Research Ethics Committee. All subjects received dietary

counselling by an academic dietician to avoid fish or

omega-3 fatty acid intake in their diet 2 weeks before and

during the course of the trial. Coffee, flax seed and

alcohol were avoided a day prior, during and a day after

each visit. A run in period of 1 week was followed by two

visits with a 3-week between-visits wash-out period. Each

subject ingested 4.6 g of fish oil containing 20% of EPA

in the form of the ethyl ester at each visit. In the first visit

the fish oil was given in the form of a liquid immediately

after defrosting. In the second visit the fish oil was

encapsulated into exines and the subsequent powder was

ingested. Blood samples were taken at baseline (prior to

ingesting the fish oil preparations) for fatty acids and lipid

analysis and again at 2, 4, 6, 8 and 24 h from ingesting the

fish oil for fatty acids analysis. Serum was instantly sep-

arated by centrifugation at 2,000g, and stored at -80 �C

before batch analysis of total serum fatty acid composi-

tions by the Nutrition Group, Institute of Aquaculture,

University of Stirling, Stirling UK, as described before

[10]. 0.5 mL serum was extracted by the Folch et al.

method [11], using chloroform/methanol (C/M; 2:1 vol/vol).

The extracted lipid was dissolved in 0.8 mL of C/M, 2:1

vol/vol and dried under nitrogen in a pre-weighed glass

vial, and desiccated for 16 h. Final lipid extracts were re-

suspended in C/M (2:1 vol/vol) ? 0.01% (wt/vol) butyl-

ated hydroxytoluene (BHT), at a concentration of 10 mg/mL

and stored at -70 �C.

Fatty acid methyl esters (FAME) were prepared by acid-

catalysed transesterification of 0.5 mg of total lipid and

50 lg of 17:0 internal standard in 2 mL of 1% (vol/vol)

H2SO4 in methanol at 50 �C overnight [12]. Samples were

neutralised with 2% KHCO3 and extracted twice with

5 mL isohexane/diethyl ether (1:1 vol/vol) ? BHT and

finally dissolved in 0.3 mL of isohexane prior to FAME

analysis.

Measurement of Serum Fatty Acids

FAME were separated and quantified by GLC (Fisons 8160,

Carlo Erba, Milan, Italy) using a 60 m 9 0.32 mm 9 0.25 lm

film thickness capillary column (ZB Wax, Phenomenex,

Macclesfield, England). Hydrogen was used as carrier

gas (flow rate of 4.0 mL/min) and the temperature

programme was from 50 to 150 �C at 40 �C/min then to

195 �C at 2 �C/min and finally to 215 �C at 0.5 �C/min.

FAME were identified using well characterised in house

standards and commercial FAME mixtures (SupelcoTM 37

FAME mix, Sigma-Aldrich Ltd., Gillingham, England).

Blood was withdrawn after 30 min and examined under a

confocal microscope to investigate for the presence of

exines, which are naturally fluorescent.

Fish oil supplements were provided by Croda Europe,

Goole, UK. Each vial had 4.6 g of fish oil containing 20%

EPA in the form of its ethyl ester. They were shipped in

dark containers and kept in a -20 �C freezer until ready for

defrosting at visit 1. At visit 2, the defrosted oil was

encapsulated with 4.6 g of exines no more than 24 h prior

to ingestion and the dark container was filled with nitrogen

to prevent oxidation. Exines extracted from Lycopodium

clavatum spores were supplied by Sporomex Ltd, UK, and

were prepared as detailed previously [7]. Microencapsu-

lation was performed by mixing exines with oil (1:1 weight

for weight) by gently stirring to form a homogeneous paste

that was then subjected to a vacuum (ca. 10 hPa) for 2 h to

facilitate passive loading of oil into the particles through

the nano-porous sporopollenin walls.

Area under the curve (AUC0–24 h) was used to determine

the bioavailability of EPA from the different supplements.

The mean AUC0–24 h for EPA was calculated using the

linear trapezoid method and baseline levels were norma-

lised to zero. We also observed visually the time of the

maximum concentration (Tmax). Comparisons of mean

AUCs and Tmax with and without exines were made using

paired sample t test via SPSS version 15.

Results

The two male and four females’ demographics are sum-

marised in Table 1. The mean baseline of EPA percentage

to total fatty acids in the six subjects was comparable to

that reported in another study with healthy volunteers;

M = 0.69, SEM = 0.04% versus M = 0.64, SEM = 0.08%,

respectively [13]. There was no significant difference

between the baseline concentration of EPA (mg/100 mL)

in the first visit (M = 2.15, SD = 0.6) and the second visit

(M = 2.0, SD = 0.6, p = 0.49). The mean AUC of EPA

from ethyl ester with exine (M = 19.7, SD = 4.3) was

significantly higher than that obtained from ethyl ester
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without exines (M = 2, SD = 1.4, p \ 0.01). When the

mean concentration of EPA in serum over time was plotted,

after subtracting the mean sera concentrations of the

respective time from the mean baseline concentration, it was

evident that microencapsulation in exines had significantly

enhanced the EPA absorption as reflected by the serum

concentration (Fig. 1). The mean time of maximum (Tmax)

concentration for EPA when fish oil was encapsulated with

exines (M = 7.6 h) was not different from the maximum

concentration without exines (M = 6.8, p = 0.4), results not

shown. Confocal microscopy (Bio-Rad Radiance 2100 laser

scanning microscope equipped with Ar (488 nm), Green

HeNe (563 nm) and Red diode (637 nm) laser lines con-

nected to a Nikon TE-2000E inverted microscope) showing

an empty fluorescent exine before ingestion and an appar-

ently intact exine in blood plasma after ingestion (Fig. 2).

Micrographs of oil filled exines before ingestion and those

recovered from blood, following ingestion, were also

obtained using a Leica Cambridge Stereoscan 360 scanning

electron microscope (SEM) operated by Tony Sinclair,

Institute of Chemistry for Industry, University of Hull

(Fig. 3).

Discussion

In this study, there was a significant rise in the bioavail-

ability of EPA as measured by AUC0–24 h when the ethyl

ester form of fish oil was encapsulated into the novel exine

microcapsules, which has not been reported before. Pre-

vious studies have focussed on the encapsulation of fish oil

to preserve its qualities and prevent oxidation [4], rather

than to enhance bioavailability. Although there are no

previous studies on the effect of the bioavailability of EPA

encapsulated into exines, encapsulation technology is

commonly used in pharmaceutical preparations to improve

bioavailability. For example, the use of a mixture of wax

and fat has been used to achieve controlled drug release in

the circulation [14] while the use of microspheres to pro-

duce mucoadhesive polymers can help maintain intimate

contact with the mucosa of the gastrointestinal tract thereby

achieving improved bioavailability [15]. Exines have been

used as a natural substance to mask-taste but this is the first

pilot study to investigate its potential use to improve bio-

availability of orally ingested fish oil in the ethyl ester form

Table 1 Subjects’ demographics

Demographics Mean (SD)

Systolic blood pressure (mm Hg) 131 (7)

Diastolic blood pressure (mm Hg) 78 (4)

Total cholesterol (mmol/L) 4.7 (0.45)

Triglyceride (mmol/L) 1.06 (0.24)

High density lipoprotein (mmol/L) 1.25 (0.35)

Low density lipoprotein (mmol/L) 2.7 (0.84)

Total cholesterol/high density lipoprotein 4 (1.21)

Body mass index (Kg/m2) 23.5 (2.2)

Fig. 1 The change in mean EPA serum level over time obtained from

the ethyl ester of EPA with and without exines

Fig. 2 a Confocal microscopy

(960) of an empty

sporopollenin exine (red)

showing its architecture and

fluorescence. b An exine (red)

previously filled with fish oil,

found in the blood, 30 min after

ingestion showing accumulation

of material on the outside (blue)
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[7]. The mechanism by which exine microencapsulation

can enhance oil absorption is unclear, but might be due to

the protective structure of fish oil-enriched exines whereby

the whole unit could travel unhindered through the mucosal

lining without releasing its inner core until it has entered

into the circulation. This increase in bioavailability was

independent of the Tmax that is a measure of the time to

achieve the maximum concentration, suggesting that exines

may enhance the absorption at the early stages and con-

tinue to do so throughout the 24 h period, in contrast to a

natural slower pace of absorption of EPA in the early

period of supplementation.

Whilst it is difficult to cost this method, it is expected

there would be no significant extra cost compared with

other microencapsulation processes; however, no other

technique has the advantage of anti-oxidant properties

giving a long shelf-life, or has been shown to taste mask

and also to have a relatively high loading level. The

preparation of the exines is simple and inexpensive with

the total cost of the microencapsulation within the exines

being less with readily available pollens such as that for rye

or maize.

The major limitation to this pilot study is the small

number of participants. However, as a proof of the

hypothesis, our results were highly significant and further

in vitro and in vivo studies are warranted to explain this

phenomenon.

In summary, this study showed that exines obtained

from Lycopodium clavatum spores encapsulating fish oil in

the ethyl ester are associated with an improvement in

LCPUFA bioavailability as measured by the AUC0–24 h,

that may be due to the oil being transported into the blood

stream more efficiently by the intact exines.
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6. Barrier S, Löbbert A, Boasman AJ, Boa AN, Lorch M, Atkin SL,

Mackenzie G (2010) Access to a primary aminosporopollenin

solid support from plant spores. Green Chem 12:234–240

7. Barrier S, Rigby AS, Diego-Taboada A, Thomasson MJ,

Mackenzie G, Atkin SL (2010) Sporopollenin exines: a novel

natural taste masking material. LWT Food Sci Technol 43:73–76

8. Lorch M, Thomasson MJ, Diego-Taboada A, Barrier S, Atkin SL,

Mackenzie G, Archibald SJ (2009) MRI contrast agent delivery

using spore capsules: controlled release in blood plasma. Chem

Commun (Camb) 6442–6444

9. Paunov VN, Mackenzie G, Stoyanov SD (2007) Sporopollenin

micro-reactors for in situ preparation, encapsulation and targeted

delivery of active components. Mater Chem 17:609–612

10. Gordon Bell J, Miller D, MacDonald DJ, MacKinlay EE, Dick JR,

Cheseldine S, Boyle RM, Graham C, O’Hare AE (2009) The fatty

acid compositions of erythrocyte and plasma polar lipids in chil-

dren with autism, developmental delay or typically developing

controls and the effect of fish oil intake. Br J Nutr 103:1160–1167

11. Folch J, Lees M, Sloane Stanley GH (1957) A simple method

for the isolation and purification of total lipides from animal

tissues. J Biol Chem 226:497–509

12. Christie W (2003) Lipid analysis. The Oily Press, Bridgewater

13. Tremoli E, Eligini S, Colli S, Maderna P, Rise P, Pazzucconi F,

Marangoni F, Sirtori CR, Galli C (1994) n-3 Fatty acid ethyl ester

administration to healthy subjects and to hypertriglyceridemic

patients reduces tissue factor activity in adherent monocytes.

Arterioscler Thromb 14:1600–1608

14. Gowda D, Ravi V, Shivakumar H, Hatna S (2009) Preparation,

evaluation and bioavailability studies of indomethacin-bees wax

microspheres. J Mater Sci Mater Med 20:1447–1456

15. Tao Y, Lu Y, Sun Y, Gu B, Lu W, Pan J (2009) Development

of mucoadhesive microspheres of acyclovir with enhanced

bioavailability. Int J Pharm 378:30–36

Lipids (2010) 45:645–649 649

123



METHODS

Methods of Emulsifying Linoleic Acid in Biohydrogenation
Studies In Vitro May Bias the Resulting Fatty Acid Profiles

Ratchaneewan Khiaosa-ard • Florian Leiber •

Carla R. Soliva

Received: 28 August 2009 / Accepted: 9 June 2010 / Published online: 27 June 2010

� AOCS 2010

Abstract The effects of three emulsifying methods on

ruminal fatty acid biohydrogenation (BH) in vitro were

compared. Using a static in-vitro gas test system, four

replicates of each treatment were incubated in buffered

ruminal fluid. Hemicellulose (300 mg dry matter) was

supplemented either with or without linoleic acid (9c12c-

18:2, 5% in diet dry matter) and incubated for 4 and 24 h.

Three methods of emulsifying 9c12c-18:2 were tested: (1)

ethanol, (2) Tween� 80, and (3) sonication. The products

were then compared to non-emulsified 9c12c-18:2. Out of

the three emulsifying methods tested, ethanol and sonica-

tion resulted in stable 9c12c-18:2 emulsions, indicating

good 9c12c-18:2 distribution, while the Tween� 80 emul-

sion was less stable. BH was strongly inhibited by treating

9c12c-18:2 with ethanol and sonication at different steps of

the BH-pathway, resulting in changed concentrations of

certain BH intermediates. The fatty acid profile generated

from the major BH-pathways of 9c12c-18:2 with Tween�

80 was comparable to that without emulsification after 24 h

of incubation. We conclude that it is not recommended to

emulsify lipids before incubating them in vitro when

investigating fatty acid BH. If emulsification of 9c12c-18:2

is necessary, Tween� 80 seems to be the method that

interferes least with BH.

Keywords Emulsion � Ruminal biohydrogenation �
Ethanol � Tween� 80 � Sonication � Linoleic acid �
C18-fatty acids

Abbreviations

BH Biohydrogenation

FAME Fatty acid methyl esters

LNA Linoleic acid

PUFA Polyunsaturated fatty acids

Introduction

Investigations on the ruminal biohydrogenation (BH) of

polyunsaturated fatty acids (PUFA) are commonly con-

ducted using in-vitro techniques, as well as other methods,

due to the lack of rumen-fistulated animals. Often, PUFA

are emulsified before being administered to the various

types of fermenters. The most common emulsifying

methods applied in such studies so far are ethanol [1],

Tween� 80 (commercial non-ionic surfactant) [2], and

sonication [3]. The emulsification of fatty acids is used to

promote fatty acid distribution in the incubation liquid; in

addition, this technique allows for a more precise dosage of

the lipids when using micropipettes. However, fatty acid

emulsification methods might have additional side effects

such as affecting the microbial metabolism. Therefore, they

could alter the extent and kinetics of ruminal lipolysis and

BH [4]. Such side effects are unwanted, as in-vitro studies

aim to simulate in-vivo conditions as well as possible.

Furthermore, in trials using ruminants, the emulsification

of dietary fatty acids is only very rarely required.

There are indications of side effects on some ruminal

microbes due to certain fatty acid emulsification methods

but, to the authors’ knowledge, no investigation has been

carried out so far to investigate their actions on microbial

BH-pathways or their implications for the interpretation of
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the fatty acid results obtained. It has been shown that

concentrations of linoleic acid (9c12c-18:2) up to

0.8 mg ml-1 were appropriate, i.e., they revealed no

inhibitory effect on ruminal microbial BH, for in-vitro BH

studies investigating either non-emulsified 9c12c-18:2 [5]

or 9c12c-18:2 emulsified with Tween� 80 [6]. In addition,

about the same dosage of non-emulsified 9c12c-18:2

showed no effects on microbial fermentation patterns [7].

In contrast, sonicated 9c12c-18:2 at a concentration of

50 lg ml-1 of incubation liquid revealed an inhibitory

action on the growth of Clostridium proteoclasticum, a

ruminal stearate producer [8]. The third emulsifying

method, ethanol, was shown to affect the mixed ruminal

microbes at a dosage of 34 ml l-1 by increasing total short-

chain fatty acid and acetate formation, as well as methane

production, in vitro [9]. These results emphasize the

importance of not only choosing suitable emulsifying

methods when investigating specific fatty acid–related

aspects of BH in vitro, but also considering possible sys-

tematic artifacts induced by the emulsifying method cho-

sen, as these might affect the ruminal microbes.

The aim of this in-vitro study was to investigate and

compare the three emulsifying methods, each of which has

been used individually for emulsification in previous fatty

acid-related in-vitro studies. In this way, the study assessed

their possible side effects on fatty acid BH profiles when

they have been incubated with mixed ruminal microbes.

The emulsification methods chosen for testing in the

present study were sonication, Tween� 80, and the most

frequently used emulsifier, ethanol. The present study

should give enough information for determining the most

suitable emulsification method when carrying out ruminal

BH studies in vitro.

Experimental Procedure

In-Vitro System and Experimental Design

Two experimental runs were carried out using the static

in-vitro gas test system (Hohenheim gas test, [10]). As a

carbohydrate source for the ruminal microbes, hemicellu-

lose (xylan from oat spelt containing C70% xylose, B10%

arabinose, and B15% glucose after hydrolysis; Sigma-

Aldrich, MO, USA) was incubated as a single feed source

in the amount of 300 mg dry matter (DM) without or with

15 mg (50 g kg-1 of feed DM) of 9c12c-18:2 (non-ester-

ified, C99% purity, Sigma-Aldrich GmbH, Buchs, Swit-

zerland). The fatty acid 9c12c-18:2 was either directly

added into the incubation liquid serving as control or pre-

treated with one of the three different emulsifying methods.

The three emulsifying methods for distributing 9c12c-18:2

in incubation liquid were applied as follows: (1) Tween�

80 (polyoxyethylene sorbitan mono-oleate, containing 10%

total fatty acids consisting of 71.8% 9c-18:1, 0.17% 9c12c-

18:2 in the fatty acid composition; Sigma-Aldrich, Saint

Louis, MO, USA) was used as an aqueous Tween� 80

solution (1% Tween� 80, v/v) and 9c12c-18:2 was added at

an amount of 50 mg ml-1 Tween� 80 solution following

[2]; (2) an ethanol-9c12c-18:2 emulsion was prepared by

dissolving 50 mg of 9c12c-18:2 in 1 ml of 96% ethanol, as

described in [1]; (3) finally, 50 mg of 9c12c-18:2 was

dispersed with 10 ml of deionized water in an ultrasonic

bath (TEC-25, Telsonic AG, Bronschhofen, Switzerland)

for 3 min, applying a method slightly modified from

Fellner et al. [11] and Wallace et al. [3]. Further treatments

consisted of incubations where the emulsifying methods

were applied without 9c12c-18:2 (the same amounts of

Tween� 80, ethanol, and deionized water added to the

incubation liquid already containing hemicellulose). Another

treatment containing neither 9c12c-18:2 nor any emulsifying

agent was also included. The four treatments containing

no 9c12c-18:2 were subsequently used only as functional

treatments for the calculation of result for the 9c12c-18:2-

containing experimental treatments.

Incubations were carried out for 4 and 24 h, with each

treatment being incubated in four replicates at an incuba-

tion temperature of 39 �C following the protocol outlined

in Soliva and Hess [10]. Briefly, ruminal fluid was

collected before morning feeding from a non-lactating

Brown-Swiss cow receiving hay ad libitum and 1 kg of

concentrate per day. The cow was handled according to the

Swiss guidelines for animal welfare. Ruminal fluid was

then filtered through four layers of medicinal gauze

(1,000 lm pore size, Type 17; MedPro Novamed AG,

Flawil, Switzerland) and mixed with pre-warmed buffer

solution (1:2; v/v). Then, 30 ml of the ruminal fluid/buffer

mixture (hence ‘‘incubation liquid’’) was dispensed anaer-

obically into the incubation units already containing the

feed substrate hemicellulose. Once they were filled with

incubation liquid, 15 mg of non-emulsified or emulsified

9c12c-18:2, or only the emulsifier itself, was introduced

into the incubation units and the liquid volume was recor-

ded. When the incubation was halted after 4 or 24 h, the

incubation liquid was stored at -20 �C until being analyzed

for its fatty acids profiles and recovery. Incubation liquid

samples of the treatments with and without 9c12c-18:2 at

0 h (not incubated) were also collected for analysis.

Fatty Acid Analysis

The incubation liquid samples were thawed at refrigerator

temperature overnight. Then, 0.3 ml of an internal stan-

dard, 19:0 (Sigma-Aldrich GmbH, Buchs, Switzerland,

prepared as 1 mg ml-1 in dichloromethane), was added to

10 ml of the incubation liquid samples. The lipids were

652 Lipids (2010) 45:651–657
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extracted from the samples using a non-chlorinated

extraction technique [12], i.e., by adding 8 parts of propan-

2-ol and 10 parts of cyclohexane to 11 parts of incubation

liquid (v/v/v). For the second extraction step, a propan-2-ol

to cyclohexane mixture of 1.3:10 (v/v) was used. The

organic phase was collected and the solvents were evapo-

rated using a Rota-Vap (Heidolph VV2000, Heidolph

Elektro & Co., KG, Kelheim, Germany). The lipids were

dissolved with 2 ml of chloroform that was later evapo-

rated under a nitrogen gas stream. Subsequently, the free

fatty acids were methylated by adding 1 ml of a toluene:

methanol mixture (1:2; v/v) and 0.1 ml of trimethylsilyl-

diazomethane (2 M in hexane), as recommended for

samples containing conjugated fatty acids [13]. The

methylation process, which was carried out at 40 �C for

10 min, was terminated by adding a drop of glacial acetic

acid. Spare solvent and trimethylsilyl-diazomethane were

removed by flushing with nitrogen gas. Lipid residues,

including the fatty acid methyl esters (FAME), were then

resolved with 200 ll of hexane and subsequently cleaned

using thin layer chromatography [14]. The identification of

the individual FAME was accomplished by carrying out

two separate runs on a gas chromatograph (model HP

6890, Agilent Technologies Inc., Wilmington, DE, USA)

equipped with a flame ionization detector. For the first run,

a 30 m 9 0.32 mm Supelcowax-10TM capillary column

(Supelco Inc., Bellefonte, PA, USA) was applied. A mixed

FAME standard (Supelco 37 Component, Bellefonte, PA,

USA) was used for the identification of the individual fatty

acids. For detailed cis- and trans-18:1 isomer identifica-

tion, a second run using a 200 m 9 0.25 mm CP7421

capillary column (Varian Inc., Lake Forest, CA, USA) was

performed. The identification of 18:1 isomers was achieved

using reference cis- and trans-18:1 fatty acids (Sigma-

Aldrich GmbH, Buchs, Switzerland) and the guidance

provided by Kramer et al. [15]. Details of the conditions of

both gas chromatograph procedures are described in

Khiaosa-Ard et al. [16].

Calculations and Statistical Analysis

The fatty acid content in the incubation liquid was calcu-

lated from the known amount of the internal standard. The

fatty acid recovery was calculated from the amount of fatty

acid recovered after 4 or 24 h of incubation, compared to

0 h using the values of the functional treatments without

9c12c-18:2 as covariance. For the calculation of the results

of the fatty acid profile, and prior to the calculation of the

extent of BH, the respective amounts of fatty acids found in

the incubation liquid for the functional treatments con-

taining no 9c12c-18:2 were subtracted from the respective

experimental treatments containing 9c12c-18:2. Thus, in

the results, only fatty acids derived from the BH-pathway

of 9c12c-18:2 were considered. The proportion of 9c12c-

18:2 that was apparently biohydrogenated (%; 9c12c-18:2-

BH) was quantified using an equation adapted from Li and

Meng [17]: 1009 (proportionate 9c12c-18:2 in total C18

FAME at 0 h—proportionate 9c12c-18:2 in total C18

FAME after 4 or 24 h of incubation)/proportionate 9c12c-

18:2 in total C18 FAME at 0 h. This was done under the

assumption, substantiated by findings of Moate et al. [6],

that the concentration of 9c12c-18:2 (0.5 mg ml-1) used

had no inhibitory influence on the BH of the fatty acids.

Total C18 unsaturated fatty acids were used to calculate the

overall apparent extent of BH extent (%) in the same

manner as for 9c12c-18:2.

Means of all results obtained were subjected to analysis

of variance applying the GLM procedure of SAS (version

9.1, SAS Institute Inc., Cary, NC, USA), with emulsifying

treatment and incubation time considered fixed effects, and

the experimental run considered a blocking factor. Multiple

comparisons among means were performed for all statis-

tical evaluations using Tukey’s method.

Results

The Emulsifying Methods’ Distribution Quality

and Effects on Fatty Acid Profile and Recovery

By visual observation, it was found that distribution of

9c12c-18:2 in the emulsion was better when ethanol (clear

solution) was used in comparison to sonication (milky

suspension) or Tween� 80 (some droplets aggregated on

the surface). All emulsifying methods tested showed a

better visual distribution in the emulsion and in the incu-

bation liquid compared to non-emulsified 9c12c-18:2,

where all of the 9c12c-18:2 aggregated on the liquid’s

surface.

The C18 fatty acid fraction of the 9c12c-18:2-supple-

mented incubation liquid made up 95.6% of total FAME

prior to incubation (0 h). Related to total FAME, the C18

fraction consisted mainly of 9c12c-18:2 (89.9%), while

2.3% were made up of 9c11t-18:2 and 18:0, and 1.1%

consisted of various C18 fatty acid isomers.

Recovery of total, as well as C18, fatty acids after 4 h

of incubation was generally low, but clearly higher

(P \ 0.001) with the sonication and ethanol treatments

compared to Tween� 80 and non-emulsified 9c12c-18:2

(control; Table 1). The extent of apparent 9c12c-18:2-BH

was higher (P \ 0.001) with Tween� 80 and sonication

compared to the control and ethanol. By contrast, the

extent of apparent overall BH was smaller (P \ 0.001)

with the sonication and ethanol method compared to the

Tween� 80 method and the control. The emulsifying

methods generally influenced most of the individual C18

Lipids (2010) 45:651–657 653
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fatty acid isomers differently (P \ 0.05), except for 11t-

18:1. The ethanol and sonication treatments had higher

concentrations of 9c11t-18:2 by 4.64 and 6.37 times

(P \ 0.001), as well as higher 11t-18:1 by 2.65 and 3.56

times (P = 0.053), compared to non-emulsified 9c12c-

18:2, respectively. Regarding these isomers, as well as

18:0, Tween� 80 was found to be in the same range as

non-emulsified 9c12c-18:2. Both fatty acids, 9c11t-18:2

and 11t-18:1, were the most prevalent BH intermediate

isomers in the profile in all treatments except for Tween�

80, which showed a higher 10t-18:1 proportion (P \ 0.05)

after 4 h of incubation compared to the other three

treatments.

Total fatty acid recovery of the control was markedly

higher after 24 h than after 4 h of incubation, and numer-

ical treatment differences were not significant (P [ 0.05).

In contrast, the C18 fatty acid recovery showed a clear

treatment effect (P \ 0.01) and was highest for the ethanol

treatment and lowest for the Tween� 80 method, with the

other treatments being intermediate. The extent of overall

apparent BH after 24 h of incubation was generally higher

(P \ 0.001), but showed the same trend as after 4 h of

Table 1 C18 fatty acid isomer profile and recovery in incubation liquid (g/100 g C18 fatty acids) after 4 and 24 h of ruminal linoleic acid (LNA,

9c12c-18:2) biohydrogenation in vitro (n = 4)

Emulsifying method 4 h of incubation P level 24 h of incubation P level Time effect

(P)
None Tween�

80

Sonication Ethanol None Tween�

80

Sonication Ethanol

C18 FA in total FAME

(%)

90.6 89.8 92.6 90.8 0.145 91.3 93.3 91.3 90.3 0.286 0.363

C18 FA recoveryA (%) 33.0b 39.8b 57.9a 65.2a 0.001 59.4ab 49.7b 51.3b 65.0a 0.009 0.264

FAME recoveryA (%) 29.3b 38.6ab 56.0a 68.7a \0.001 65.0 53.0 54.6 65.2 0.060 0.915

LNA biohydrogenated,

%B
47.5b 81.2a 85.4a 62.2b \0.001 92.9ab 97.0ab 99.0a 90.6b 0.041 \0.001

Over all BH extent, %C 23.12a 31.11a 4.55b 2.13b \0.001 55.0a 52.5a 18.8b 14.4b \0.001 \0.001

18:0 24.80a 32.60a 6.64b 4.13b \0.001 56.0a 53.5a 20.6b 16.3b \0.001 \0.001

4t-18:1 0.06b 0.22a 0.02b 0.01b \0.001 0.19ab 0.28a 0.10b 0.07b 0.001 \0.001

5t-18:1 0.06b 0.22a 0.02b 0.01c \0.001 0.13b 0.21a 0.07b 0.07b 0.009 0.003

6t-8-18:1 0.75b 2.84a 0.21c 0.15c \0.001 1.39b 2.48a 0.71b 0.69b \0.001 0.014

9t-18:1 0.52b 1.92a 0.18bc 0.09c \0.001 0.70b 1.42a 0.45bc 0.30c \0.001 0.556

10t-18:1 2.40b 9.49a 1.75b 1.53b \0.001 3.15b 7.78a 3.61b 1.54b \0.001 0.565

11t-18:1 8.64 11.4 30.8 22.9 0.053 20.5b 15.2b 63.1a 34.2b 0.001 0.010

12t-18:1 0.89b 3.28a 0.34b 0.23b \0.001 1.52b 2.71a 1.06bc 0.79b \0.001 0.040

13/14t-, 6-8c-18:1 1.40b 4.91a 0.45bc 0.28c \0.001 2.44b 4.26a 1.18c 1.03c \0.001 0.063

16t-18:1 0.56b 1.54a 0.15c 0.24bc \0.001 1.25b 1.90a 0.56c 0.71c \0.001 \0.001

9c/15t-18:1 1.14b 3.01a 1.00b 0.96b \0.001 1.17b 2.07a 0.77c 1.00bc \0.001 0.008

10c-18:1 0.05ab 0.16b 0.06ab 0.03b 0.028 0.10 0.11 0.31 0.14 0.152 0.028

11c-18:1 0.22b 0.44a 0.27b 0.27b 0.005 0.24 0.29 1.07 0.61 0.090 0.053

12c-18:1 1.15b 3.98a 1.32b 1.23b \0.001 0.77b 2.14a 0.95b 0.73b \0.001 0.002

13c-18:1 0.06b 0.19a 0.02b 0.04b \0.001 0.06b 0.13a 0.03b 0.07ab 0.007 0.641

15c-18:1 0.10b 0.31a 0.06b 0.08b \0.001 0.11b 0.21a 0.07b 0.07b \0.001 0.147

16c-18:1 0.05b 0.23a 0.06b 0.05b \0.001 0.01b 0.06a 0.04ab 0.03ab 0.017 \0.001

9c12c-18:2 49.4a 17.7b 13.8b 35.5a 0.018 6.68ab 2.85ab 0.99b 8.83a 0.041 \0.001

Other non-conjugated

18:2

0.55b 0.70a 0.37c 0.45bc 0.001 0.12 0.17 0.18 0.26 0.080 \0.001

9c11t-18:2 5.91b 3.16b 37.63a 27.41a \0.001 2.44b 1.31b 3.14b 24.74a 0.035 0.011

Other conjugated 18:2 1.24b 1.59b 4.80a 4.27a \0.001 0.99b 0.87b 1.05b 7.54a 0.037 0.731

LNA added to the incubation liquid accounted for 94% of LNA in the total C18 fatty acid profile of the incubation liquid at 0 h incubation time

Within each subclass (i.e. row for 4 and 24 h of incubation), mean values followed by different letters are significantly different at P \ 0.05
A Statistically analyzed using the positive controls as covariance
B Percentage of LNA apparently hydrogenated during 4 and 24 h of incubation, respectively, compared to LNA at 0 h incubation
C Referring to apparent completeness of biohydrogenation
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incubation, with the sonication and ethanol treatments

having lower BH than the other two treatments

(P \ 0.001). There was a significant incubation time effect

regarding apparent 9c12c-18:2-BH (P \ 0.001) as, after

24 h of incubation, 9c12c-18:2 (90–99%) had been bio-

hydrogenated to a greater extent. The proportions of most

C18 isomers, including 11t-18:1, 9c11t-18:1, and 9c12c-

18:2 and 18:0, increased after 24 h compared to 4 h of

incubation. The proportion of 9c11t-18:2 after 24 h was

less in all treatments except ethanol. Compared to the other

treatments, the proportion of conjugated linoleic acids,

other than 9c11t-18:2, was higher (P \ 0.05), with the

ethanol method exhibiting about 7.5 times the initial

amount. The BH intermediate 11t-18:1 and the BH end

product 18:0 were more abundant in the incubation liquid

after 24 h compared to after 4 h of incubation. Regarding

11t-18:1, higher (P \ 0.05) proportions were found with

the sonication method compared to the other treatments.

The highest proportions of 18:0 in total C18 fatty acid

occurred with non-emulsified 9c12c-18:2 and the Tween�

80 method (P \ 0.001). There was a clear incubation time

effect on almost all fatty acid parameters, except for the

fatty acid isomers 9t-18:1, 10t-18:1, 13c-18:1, 15c-18:1,

and conjugated 18:2 (9c11t-18:2 excluded).

Discussion

In the present in-vitro study, three common emulsifying

methods were investigated and compared with each other

and with non-emulsification with the aim of identifying

possible side effects of this processes on ruminal lipid BH.

This is important research because such effects would

appear as artifacts and therefore bias the results in fatty

acid-related ruminal in-vitro studies. Therefore, when

planning an in-vitro experiment where lipid administration

is required that necessitates the help of emulsification,

these aspects are of high relevance.

Effects of the Emulsification Methods on Fatty Acid

Recovery and BH of Linoleic Acid

The recovery of fatty acids was generally low in the present

study, even with the stable emulsion treatments ethanol and

sonication, which had been expected to improve fatty acid

recovery. However, any system, either in vitro or in vivo,

results in a basic loss of fatty acids to some extent [11, 18,

19]. During in-vitro incubation, lipids may be lost in sev-

eral ways. For example, some lipids may attach to the

incubation devices and, as a result, will not be retrieved in

the sampling procedure. In the context of the present study,

this might be due to the rather large glass surface of the

incubation vessels and small amounts of incubation liquid.

As expected, there was a higher fatty acid loss in the non-

emulsified 9c12c-18:2, as well as in the emulsion prepared

with the Tween� 80 method; this was more particularly the

case at the short incubation time (4 h). Thus, for short-term

in-vitro studies, to improve the recovery of added fatty

acids, only sonication or the use of ethanol can be rec-

ommended. However, the clear time effect on the fatty acid

profile and the terminal BH product, 18:0, found in general,

as well as the different responses with time when using

different emulsification methods, showed that results

obtained after short-time incubation are not reliable unless

they are used for kinetic evaluations in the context of

repeated measurements [6]. The increase of fatty acid

recovery found in the non-emulsified 9c12c-18:2 group

with a time restriction of 4 h cannot be explained; how-

ever, it occurred repeatedly in each of the two experimental

runs (n = 4).

Adhesion properties are a function of the chemical and

physical nature of the fats, and therefore the possibility that

the various BH products adsorbed onto the incubation

vessels to different degrees cannot be excluded. However,

when comparing the BH profile of the non-emulsified

9c12c-18:2 with profiles obtained in previous in-vitro

studies [4, 6], as well as in an in-vivo trial [20], the pattern

is comparable, i.e. the transient production of 9c11t-18:2

followed by a large accumulation of 11t-18:1. This sup-

ports the assumption that although the fatty acid recovery

was limited in the present study, the actual fat recovered

was of the same composition as the fat not recovered, and

therefore the validity of the fatty acid profile was ensured.

The emulsifier Tween� 80 apparently induced alterna-

tive BH-pathways, which differed from the main cascade

[21]. Thus, Tween� 80 produced artifacts in the BH-

pathway of 9c12c-18:2 that have to be considered when

comparing the results with those found in other studies.

However, the main fatty acids, indicative of the extent of

ruminal BH, did not substantially differ between non-

emulsified 9c12c-18:2 and the Tween� 80–treated 9c12c-

18:2 in the present study. Thus, provided the proportions of

18:1 isomers are interpreted with caution, Tween� 80

appears to be a suitable emulsification method in cases

where the ruminal BH is to be tested in vitro.

In contrast, sonication and the addition of ethanol

resulted in severe biases in the BH-pathway, rendering

them unsuitable for appropriately simulating ruminal BH

processes in vivo. It has been shown that the presence of

feed particles promotes lipid BH by providing a site for

lipids to adsorb and allowing exposure to BH processes

[22]. Interestingly, a study by Harfoot et al. [23] found that

low lipolysis and BH of trilinolein (0.3 mg ml-1 rumen

content) occurred when only small amounts of the lipids

were adsorbed to the plant particles. In contrast, in a second

experiment in the same study, when a high proportion of
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trilinolein was associated with the feed particle fraction,

lipolysis and BH were high; this resulted in large amounts

of free 18:0 in the feed particle fraction. Related to the

results of the present study, this would mean that the small

9c12c-18:2 droplets formed in the stable 9c12c-18:2

emulsions with ethanol and sonication tended to stay in the

liquid phase rather than being attached to feed particles.

The unstable 9c12c-18:2 emulsion with Tween� 80 and no

emulsification, however, might have attached to the feed

particles to a greater extent, which would explain their

higher apparent BH.

Using different emulsification methods to enhance the

distribution quality of 9c12c-18:2 in the incubation liquid

might cause toxicity of the fatty acid due to different

bacterial species responsible for BH. This could result in

different BH fatty acid profiles. The fact that the final step

of the BH-pathway appeared to be specifically and severely

impaired by sonicated 9c12c-18:2, resulting in an accu-

mulation of 11t-18:1 and correspondingly lower concen-

trations of 18:0, is consistent with Maia et al. [8]. They

showed that sonicated 9c12c-18:2 particularly inhibited

some rumen bacterial species, including stearate-producing

bacteria such as C. proteoclasticum. A significant increase

in the 9c11t-18:2 and 11t-18:1 proportion observed with

ethanol treatment indicates that there are inhibitory effects

being generated in the second-last and last step of 9c12c-

18:2 BH, which signified the inhibition of the double-bond

hydrogenating steps, including cis-9 double-bond BH. This

is a step that many bacterial species are capable of per-

forming [21]. In the incubation study of Caldwell and

Murray [24], which used higher ethanol concentrations

than were employed in the present study, a general toxicity

to ruminal bacteria was found. This was not the case in the

present experiment, where no changes in total bacterial

count (data not shown) were observed with the ethanol

treatment. However, this does not exclude the possibility

that specific rumen bacterial species and their activity were

affected by the ethanol treatment.

Conclusion

The present study demonstrated that using emulsification

methods to improve lipid distribution in incubation liquid

in investigations of ruminal BH in vitro may bias the

resulting fatty acid profile. Thus, when carrying out such

studies, pretreatment of the lipids with any of the emulsi-

fication methods tested cannot be recommended. For cases

when the emulsification of lipids seems necessary, Tween�

80 was the emulsification method that exhibited the least

interference with the treatment effects, but the results

might still be biased by some minor 18:1 isomers in this

method. Sonication and ethanol were shown to severely

inhibit ruminal BH when used as the administration

method for 9c12c-18:2.
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Abstract Docosahexaenoic acid (DHA) supply to the

fetal brain depends upon the dam’s dietary intake of n-3

fats. In this study, we measured the incorporation of DHA

into the fetal brain and liver in n-3 fatty acid deficient

(0.1% alpha-linolenate) mice upon switching to an n-3 fatty

acid adequate (2.1% alpha-linolenate) diet. Second gener-

ation mice raised and maintained on an n-3 deficient diet

during mating were switched to an n-3 adequate diet on

embryonic day 1 (ED 1) or ED 13. Fatty acid analysis was

performed on fetal brains and livers and on maternal serum

on ED 13, 15, 17, and 19. Although fetal brain and liver

DHA began at a very low level (both exhibited an 85%

decline), recovery was nearly complete by ED 15 in the

group switched near conception but thereafter diverged.

The maternal serum and fetal liver were very similar in

their DHA and docosapentaenoic acid time courses.

However, when repletion began on ED 13, brain DHA

recovery was only about 44%. These results suggest that a

nutritional intervention with alpha-linolenic acid can nearly

but incompletely rescue the mouse fetal DHA deficiency if

began at the time of conception but that the third trimester

is too late, thus leaving a large DHA gap.

Keywords Docosahexaenoic acid �
Docosapentaenoic acid � Fetal brain � Infant nutrition �
n-3 fatty acid deficiency

Abbreviations

DHA Docosahexaenoic acid, 22:6n-3

DPAn-6 Docosapentaenoic acid, 22:5n-6

DTA Docosatetraenoic acid, 22:4n-6

ALA Alpha-linolenic acid, 18:3n-3

ARA Arachidonic acid, 20:4n-6

Introduction

During prenatal development, polyunsaturated fatty acids,

and docosahexaenoic acid (DHA, 22:6n-3), in particular,

must be supplied by the mother via the utero-placental

circulation. DHA may be synthesized from the precursor

alpha-linolenic acid (ALA) by the maternal, placental and

fetal tissues and long chain polyunsaturated fatty acids

(LC-PUFAs) such as DHA may become concentrated in

the fetal tissues and fetal brain, a phenomenon termed

‘‘biomagnification’’ by Crawford et al. [1]. The LC-PUFAs

are also concentrated on the fetal side of the placental

circulation [2, 3]. There has recently been a renewed

interest in fetal accumulation of essential fatty acids, par-

ticularly with regard to DHA in the nervous system, as

studies have explored the benefit for neurodevelopment of

maternal supplementation with DHA [4]. Such studies are
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often done against a background of the low n-3 fatty acid

intake that is common in the US and many Western

countries [5].

In the past, several studies have begun to establish the

normal developmental pattern for fetal accumulation of

organ DHA and its relationship to the maternal circulation

and diet. An early study by Cunnane and Chen described

the time courses of the major fatty acid concentrations in

phospholipids and triglycerides in the developing rat brain,

liver and carcass including an embryonic day (ED) 21 [6].

Green et al. [7] studied the phospholipid distribution and

LC-PUFA concentration including that of DHA in rat brain

over the last 10 days of prenatal development. Tam and

Innis [8] recently presented the phospholipid and choles-

terol distributions and the major brain phospholipid fatty

acyl compositions in rat cortex on ED 19 and in postnatal

development.

There have also been several investigations of dietary

modulation of fatty acids on fetal brain and other organ

composition. Yonekubo et al. [9] studied the effects of a

maternal fish oil diet on brain and liver phospholipid DHA

and arachidonic acid (ARA, 20:4n-6) content on ED 17, 19

and 21. Schiefermeier and Yavin [10] presented a detailed

investigation of rats fed a control and an n-3 deficient diet

that included maternal liver, and fetal brain and liver

phospholipid fatty acyl compositions between ED 15 and

20. Innis and coworkers studied the effects of diets with a

high and very low ALA content on brain cortex phospho-

lipid fatty acyl compositions on ED 19 [8, 11].

The present work extends these studies by establishing a

second generation n-3 fatty acid deficient female such that

repletion with the n-3 fatty acid, ALA could be studied

from the day of conception. This was compared to reple-

tion with ALA on ED 13, i.e., the beginning of the third

trimester of mouse gestation. Two reference groups were

also maintained throughout the study, those with high

(2.1% of total fatty acids) and very low ALA. The maternal

serum was monitored for the expected effects of the dietary

interventions and the fetal liver and fetal brain DHA and

docosapentaenoic acid (DPAn-6, 22:5n-6) served as prin-

cipal endpoints.

Materials and Methods

Animals and Study Design

The experimental protocol was approved by the Animal

Care and Use Committee of the Wakunaga Pharmaceutical

Co. in Japan. Female CD-1 (ICR) mice (F1) were obtained

at 3 weeks of age from Charles River Japan, Inc. (Yoko-

hama, Japan) and fed an n-3 fatty acid deficient (n-3 Def)

diet or an n-3 fatty acid adequate (n-3 Adq) diet (see below

for descriptions). They were maintained within our animal

facility under conventional conditions, with controlled

temperature (23 ± 3 �C), humidity (55 ± 10%), and illu-

mination (12 h, 0700–1900 hours). At 7 weeks of age, they

were mated with 8-week-old males of the same strain.

Their litters were culled to 10 pups and the pups were

weaned onto the same diet as their mothers. When the n-3-

Def offspring females (F2) were 7 weeks old, they were

mated with 8-week-old males of the same strain. The 60

pregnant n-3 Def mice thus obtained were divided into

three dietary groups such that each dam within a group was

from a different litter, thus the n number was based on the

use of independent litters. There were 20 n-3 Adq dams to

serve as an additional reference point.

One group of 20 dams was switched to an n-3 Adq diet

at the time of mating (vaginal plug verified) and this group

was termed the ‘‘ED1 Switch’’ group (Fig. 1). A second

group of 20 pregnant dams was switched to the n-3 Adq

diet at ED 13 and this group was termed the ‘‘ED13

Switch’’ group. The third group was maintained on the n-3

Def diet throughout pregnancy and was termed the ‘‘n-3

Def’’ group. In addition, the fourth group was maintained

on the n-3 Adq diet throughout the F1 and F2 generations

and was termed the ‘‘n-3 Adq’’ group. At days 13, 15,

17 and 19 of pregnancy, the dams were killed by decapi-

tation, and brain and truncal blood was collected from the

dams and the latter spun in a plastic centrifuge tube at

23009g for 15 min at 4 �C. An aliquot of the upper phase

(serum) was transferred to another tube. The liver and

brains from each fetus were dissected out and all of the

samples were then frozen at -80 �C prior to lipid extrac-

tion. The males were identified by a PCR method with Zfy

gene primer (Proligo-Japan Co., Kyoto, Japan) to identify

the Y gene in a liver DNA extract and using this criteria

[12], the samples from one male fetus from each dam was

selected for lipid analysis.

F1 F2 
ICR 3 wks

7 wks
13 15 17 E days

The pregnancy

Mated Mated

Plug = E1

19

• n-3 Adq diet
• ED 1 Switch

Groups

Tissue Collected
Dams
Fetus

• ED 13 Switch
• n-3 Def diet

Fig. 1 Flow diagram illustrates study design. The n-3 Def diet was

switched to the n-3 Adq diet at the time of mating (ED1 Switch) or on

embryonic day 13, (ED13 Switch). The dams were killed by

decapitation and tissues of dams and fetus collected at days 13, 15,

17 and 19 of pregnancy and analyzed for fatty acid composition by

gas chromatography
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Experimental Diets

The diets used were modeled after the AIN-93G diet rec-

ommendations for rodents [13] (Table 1). However, the fat

sources were altered to provide for the low n-3 fatty acid

content required as a basal composition and balanced at

10 wt% fat content. The basal fat ingredients used were

hydrogenated coconut and safflower oils for the n-3 Def

diet and with flaxseed oil added to the n-3 Adq diet

(Table 1). This diet was custom prepared and pelleted

using low heat conditions (about 55 �C), then stored at

4 �C to prevent lipid oxidation (Oriental Yeast Co, Chiba,

Japan) and the fatty acid distributions of the entire diets

were quality assured within our own laboratory. The con-

tent of the key variable, alpha-linolenic acid (ALA) was

0.10 and 2.1% in the n-3-Def and n-3 Adq diets,

respectively, while DHA was not detectable in either

(Table 1). Diet and water were provided ad libitum.

Lipid Extraction, Transmethylation, and Gas

Chromatography

Tissue samples were thawed, weighed, and homogenized in

methanol-hexane and transmethylated in acetyl chloride

according to the method of Lepage and Roy [14]. Varying

amounts of the internal standards methyl docosatrienoate

(22:3n-3) for brain and liver, and methyl tricosanoate

(23:0) for serum, were added to each sample to compensate

for differences in tissue weight and lipid concentration

(70 lg/250 mg brain, 100 lg/250 mg liver, 20 lg/100 ll

serum). As an aid in preventing lipid oxidation during the

procedures, 50 lg/ml of butylated hydroxytoluene was

added in methanol. The hexane extracts were concentrated

in microvials for gas chromatographic (GC) injection.

GC Analyses

Fatty acid methyl esters were analyzed with an Agilent

6890N Network Gas Chromatograph (Agilent Technolo-

gies; Palo Alto, CA) equipped with a split injector, an 7683

automatic liquid sampler, an FID and a 208 V power

supply to enable fast temperature ramping. The instrument

was controlled and data was collected with GC Chemsta-

tion Rev.A.09.03 (Agilent Technologies). The column used

was a DB-FFAP (15 m 9 0.1 mm I.D. 9 0.1 lM film

thickness, J&W Scientific, Agilent Technologies). The

detector and injector temperatures were set to 250 �C. The

oven temperature program began at 150 �C with 0.25 min

hold, ramp 35 �C/min to 200 �C, then 8 �C/min to 225 �C

with 3.2 min hold and 80 �C/min to 245 �C with 2.75 min

hold. Hydrogen was used as carrier gas at a linear velocity

of 56 cm/s [15]. A custom-mixed, 28 component, quanti-

tative methyl ester standard containing 10–24 carbons and

0–6 double bonds was used for assignment of retention

times and to ensure accurate quantification (NuChek Prep

462, Elysian, MN). Fatty acid data were expressed as % of

total peak area, which corresponded to weight% to within

5%, as demonstrated by quantitative standard mixtures.

Internal standards were used to calculate tissue fatty acid

concentrations.

Statistical Analysis

Data are expressed as the mean ± the standard error of the

mean (SEM). All data were analyzed by two-way ANOVA

using Statistica (Statsoft, Tulsa, OK, USA). These analyses

of group, time and interaction for dam serum and fetal liver

and brain all showed a highly significant result with

p \ 0.0001.

Table 1 Composition of experimental diets

Ingredient Amount (g/100 g diet)

n-3 Def. n-3 Adq.

Casein, vitamin free 20 20

Carbohydrate: 60 60

Cornstarch 15 15

Sucrose 10 10

Dextrose 19.9 19.9

Maltose-dextrin 15 15

Cellulose 5 5

Mineral-salt mix 3.5 3.5

Vitamin mix 1 1

L-Cystine 0.3 0.3

Choline bitartrate 0.25 0.25

TBHQ 0.002 0.002

Fat 10 10

Hydrogenated coconut oil 8.1 7.75

Safflower oil 1.9 1.77

Flaxseed oil None 0.48

Fatty acid compositiona

Saturates 83.8 80.2

Monounsaturates 2.9 4.0

18:2n-6 12.1 12.2

18:3n-3 0.10 2.1

20:4n-6 nd nd

22:6n-3 nd nd

n-6/n-3 101 5.7

18:2n-6/18:3n-3 121 5.7

The two experimental diets, an n-3 fatty acid adequate diet (n-3 Adq)

and an n-3 fatty acid deficient diet (n-3 Def), were based on the AIN-

93 [13] formulation with several modifications to obtain the extre-

mely low basal level of n-3 fatty acid required in this study
a The 20:5n-3 and 22:5n-3 fatty acids were less than 0.01%, i.e., not

detected (nd)
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Results

Male offspring were compared to female offspring with

respect to their liver and brain fatty acid composition,

however, no changes were detected (data not shown).

Therefore, only the male data are presented here.

In order to demonstrate the effects of the dietary fatty

acid variation on the dam, an analysis of maternal brain

(Table 3) and serum (Table 2; Fig. 2) was performed

between 13 and 19 days gestation (ED 13 to ED 19).

Analysis of the dam serum in the n-3 Def group indicated a

much lower level of DHA (0.67 ± 0.04% of total fatty

acids) relative to the n-3 Adq group (7.50 ± 0.54%,

Fig. 2a). The ED1 Switch group, which had been switched

to the n-3 Adq diet on the day of conception, displayed

considerable recovery of DHA as it reached a level of

5.63 ± 0.28% on ED 13. By ED 15, the ED13 Switch group

had increased to 2.56 ± 0.30% and thereafter gradually

increased to 2.96 ± 0.21% by ED 19. It was of interest to

note that in both the n-3 Adq and ED1 Switch groups, there

was a decrease in serum DHA between days ED 15 and ED

19. This may possibly be due to the increased demand for

DHA by the growing fetus. This decline was somewhat

greater in the ED1 Switch group that the n-3 Adq group

leading to a greater difference between these two groups in

DHA content at ED 19 than was evident at ED 13.

Maternal serum DPAn-6 content (Table 2; Fig. 2b) was

considerably greater in the n-3 Def group (3.82 ± 0.26%)

relative to the n-3 Adq reference point (0.35 ± 0.03%) at

ED 13. DPAn-6 appeared to increase in the n-3 Def and

ED13 Switch group by ED 15 and decrease thereafter. Thus,

it did not simply behave in an inverse manner to the DHA

but was somewhat delayed in decreasing when DHA was

increasing. The ED1 Switch group and the n-3 Adq group

DPAn-6 levels remained fairly constant throughout the

period of ED 13 thru ED 19. Although the ED1 Switch

group had a content of DPAn-6 that had already declined by

73% (considering the starting point as n-3 Def at ED 1 and

relative to the n-3 Adq level at ED 13), during the sub-

sequent 6 days there was only a marginal further decline.

Of great importance with respect to maternal nutrition is

the support of fetal brain DHA content. On ED 13, the brain

DHA content in the n-3 Adq group was 4.95 ± 0.27% but

only 0.72 ± 0.02% in the n-3 Def group (Fig. 3a) indicat-

ing an 85% decrease in the n-3 Def group. The ED1 Switch

group had gained substantial DHA as it had 3.91 ± 0.26%

DHA. The ED1 Switch group had nearly ‘‘caught up’’ to the

n-3 Adq group by ED 15 as it attained a level of DHA that

was about 98% of that the n-3 Adq animals. However, in

subsequent time points it appeared not able to match the

increases in brain DHA content found in the n-3 Adq group

as they had very substantially grown to 12.62 ± 0.26%

by ED 19 while the ED1 Switch group increased to

10.40 ± 0.10% at this time. The ED13 Switch group

exhibited a slightly increased DHA content at ED 15 but a

substantially greater amount relative to the n-3 Def on ED

17, rising to 4.38 ± 0.40%. By ED 19, this group had

increased brain DHA content to 6.49 ± 0.49%, a level that

was about half that of the n-3 Adq animals. The n-3 Def

group increased brain DHA content only marginally

between ED 13 (0.72 ± 0.02%) and 19 (1.66 ± 0.08%).

In the n-3 Def animals, the increase in brain LC-PUFAs

that accompanied growth from ED 13 to ED 19 was largely

composed of DPAn-6 (Fig. 3B) as it rose from

3.34 ± 0.16% to 9.12 ± 0.07% over this period. The

ED13 Switch group exhibited a greater brain DPAn-6 at

ED 15 (5.65 ± 0.17%) but remained constant at that level

up until ED 19. This period of ED 15 to ED 19 corre-

sponded to the rather rapid increase in DHA in this group.

The ED1 Switch group had a brain DPAn-6 content

(1.26 ± 0.11%) only marginally greater than the n-3 Adq

group (0.84 ± 0.09%) at ED 13. The ED1 Switch group

exhibited a gradually rising content of brain DPAn-6

ending up at 2.22 ± 0.10% by ED 19.

A more complete brain fatty acid profile is presented in

Table 4 with the behavior of many other fatty acids during

the ED 13 to ED 19 time period. There was a greater PUFA

content at ED 19 relative to ED 13 in all groups. In the n-3

Def groups, there was generally greater n-6 PUFA content

at ED 19 relative to ED 13, including 20:4n-6 and 22:4n-6,

and principally DPAn-6. This was compensated for largely

by a decreased content in monounsaturates, principally

18:1n-9. This pattern of increased brain n-6 PUFA and

lower monounsaturate content associated with develop-

ment was observed in all groups. There was a small

increment in saturated fatty acid content in the ED 19

groups relative to the ED 13 groups.

The fetal liver DHA patterns for the four dietary groups

were quite similar to the patterns described above for fetal

brain. The n-3 Def group had very low liver DHA at ED 13

(0.90 ± 0.05%) while the n-3 Adq group contained

6.09 ± 0.32% (Fig. 4a) indicating an 85% decrease in the

n-3 Def group. The ED1 Switch group contained

4.74 ± 0.13% DHA at ED 13 and this increased rapidly by

ED 15 reaching 7.81 ± 0.17%, a value equal to that of the

n-3 Adq group. However, it was of interest that the ED1

Switch group diverged from the n-3 Adq thereafter and

ended the experiment at ED 19 at a value of 7.88 ± 0.48%

DHA whereas the n-3 Adq group contained 9.46 ± 1.1%

DHA. The ED13 Switch group increased in liver DHA

continuously and gradually, reaching a final value of

4.25 ± 0.35% at ED 19. The n-3 Def group declined

slightly in liver DHA over the course of the experiment,

falling to 0.66 ± 0.11% on ED 19.

The fetal liver DPAn-6 profile for the four dietary groups

bore a striking resemblance to the maternal serum. The n-3

662 Lipids (2010) 45:659–668
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Def group exhibited the properties of a high initial value for

DPAn-6 (3.66 ± 0.10%) and a sizeable increase by ED 15

(to 5.56 ± 0.32%) and declining values thereafter, ending on

ED 19 at 3.46 ± 0.45% (Fig. 4b). The ED13 Switch group

responded to the increasing n-3 intake by decreasing DPAn-6

only after the ED 15 time point. The ED1 Switch group

initially contained a rather low level of DPAn-6

(0.99 ± 0.07%) but gradually increased over the course of

the experiment, ending at ED 19 at a value of 1.32 ± 0.09%.

The n-3 Adq group remained constant over the course of the

experiment at a liver DPAn-6 content of 0.50 ± 0.03%.

Discussion

This study established a very marked deficiency in brain

DHA in the dams whose fetuses were studied; at the time

of birth, the dams had a 62% lower brain DHA (n-3 Def,

4.92 ± 0.19%; n-3 Adq, 13.04 ± 0.20%) with compensa-

tion by a 30-fold greater content of DPAn-6 (n-3 Def,

9.89 ± 0.15%; n-3 Adq, 0.33 ± 0.01%). The effects of

immediate repletion of the diet with ALA on the day of

conception and also at the beginning of the third trimester

were then evaluated with fetal brain and liver DHA and

10

8

6

4

6

5

4

3

2

BA

2

0

1

0

Embryonic days
13 15 17 19

D
H

A
, %

 o
f T

ot
al

 fa
tty

 a
ci

ds

D
P

A
n-

6,
 %

 o
f T

ot
al

 fa
tty

 a
ci

ds

Embryonic days
13 15 17 19

Fig. 2 Variation in docosahexaenoic acid (DHA) (a) and docosa-

pentaenoic acid (DPAn-6) (b) in maternal serum during the period of

the third trimester. The hatched bars indicate the level of the DHA or

DPA in non-pregnant female mice bred by n-3 Def or n-3 Adq diet,

respectively (DHA, n-3 Def, 0.91 ± 0.08; n-3 Adq, 5.90 ± 0.20;

DPAn-6, n-3 Def, 3.41 ± 0.26; n-3 Adq, 0.22 ± 0.01%). The closed
circles represent the n-3 Adq group, the closed squares are ED1

Switch group, the open squares are ED13 Switch group, and the open
circles the n-3 Def group. Data at various time points are given as

mean percent ± SEM (n = 5 mice per time point). The differences

were statistically significant in a two-way ANOVA (DHA, F(3,

63) = 293.0, P \ 0.001; n-3 Def, P \ 0.001; ED13 switch,

P \ 0.001; ED1 switch, P \ 0.001 compared with n-3 Adq group

and ED13 switch, P \ 0.001; ED1 switch, P \ 0.001 compared with

n-3 Def group, P \ 0.001 between ED13 and ED1 switch groups by

Tukey’s HSD multiple range test, a group by embryonic day

interaction F(9, 63) = 9.187; P \ 0.001: DPAn-6, F(3,

63) = 257.9, P \ 0.001; n-3 Def, P \ 0.001; ED13 switch,

P \ 0.001; ED1 switch, P \ 0.001 compared with n-3 Adq group

and ED13 switch, P \ 0.001; ED1 switch, P \ 0.001 compared with

n-3 Def group, P \ 0.001 between ED13 and ED1 switch groups by

Tukey’s HSD multiple range test, a group by embryonic day

interaction F(9, 63) = 7.126; P \ 0.001)
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Fig. 3 Alteration of DHA (a) and DPAn-6 (b) in fetal brains during

the period of the third trimester. Symbols same as in Fig. 2. The

differences were statistically significant in a two-way ANOVA (DHA,

F(3, 63) = 427.8, P \ 0.001; n-3 Def, P \ 0.001; ED13 switch,

P \ 0.001; ED1 switch, P \ 0.001 compared with n-3 Adq group and

ED13 switch, P \ 0.001; ED1 switch, P \ 0.001 compared with n-3

Def group, P \ 0.001 between ED13 and ED1 switch groups by

Tukey’s HSD multiple range test, a group by embryonic day

interaction F(9, 63) = 15.04; P \ 0.001: DPAn-6, F(3,

63) = 655.4, P \ 0.001; n-3 Def, P \ 0.001; ED13 switch,

P \ 0.001; ED1 switch, P \ 0.001 compared with n-3 Adq group

and ED13 switch, P \ 0.001; ED1 switch, P \ 0.001 compared with

n-3 Def group, P \ 0.001 between ED13 and ED1 switch groups by

Tukey’s HSD multiple range test, a group by embryonic day

interaction F(9, 63) = 25.96; P \ 0.001)
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DPAn-6 as key endpoints. Our key findings are that reple-

tion of fetal brain DHA when ALA is repleted on ED 1 is

nearly complete at ED 13 and 15 and DPAn-6 has declined

to values near those of the n-3 Adq group. This recovery in

the fetal brain tracks closely with DHA recovery in the

maternal serum and the fetal liver; there is a striking simi-

larity of the maternal serum DPAn-6 time course and that of

the fetal liver. Repletion with dietary ALA on ED 13 leads

to a slow and continuous replacement of fetal brain and liver

DPAn-6 with DHA, a process that is about halfway com-

pleted by ED 19. Overall, the time courses of DHA content

appeared to be very similar in fetal brain and fetal liver.

Only one other study exists in the literature, to our

knowledge, where dietary n-3 fatty acid repletion was

carried out during gestation and the fetal fatty acid com-

position studied, that of Schiefermeier and Yavin [10]. This

detailed and pioneering study showed that there was an

approximately 33% decline in DHA in the brain amino-

phospholipids, phosphatidylserine (PS) and phosphatidyl-

ethanolamine (PE), and in phosphatidylcholine (PC) when

dams were fed an n-3 deficient diet (sunflower oil con-

taining 0.26% ALA) relative to their control diet (soybean

oil containing 6.7% ALA). Some of the dams were then

subjected on ED 15 to a repletion diet containing over

21 wt% DHA and recovery of DHA was studied over the

period of ED 15 to 20. These authors reported no signifi-

cant changes in phospholipid distributions either as a result

of the deficiency or of the repletion diet. However, a most

notable result was that the high level infusion of dietary

DHA beginning at ED 15 was capable of completely

restoring fetal rat brain and liver DHA to the level of the

soybean plus DHA diet by ED 18 in the brain and even

more rapidly (ED 16.5) in the liver. It is also of significance

that the levels of PE DHA were considerably higher in both

the maternal and fetal tissues than the level found in the

soybean diet, even though it contained a very high level of

ALA (6.7 wt%). This study contrasts with ours in that the

degree of DHA recovery was much faster and more com-

plete. Of course, the rate and extent of tissue DHA

recovery will be related to the fatty acid used (ALA vs.

DHA) and the level of the fatty acid in the repletion diet.

The 21 wt% level of DHA in the lipids of the Schi-

efermeier and Yavin study contrasts with 2.1% ALA used

in our study for repletion. The 21% DHA dose may be

considered as a therapeutic rescue whereas our approach

would be considered the effects of a nutritional interven-

tion. The degree of recovery must also be related to the

degree of initial deficiency which in the present study was

considerably greater as the deficiency was carried through

two generations as opposed to starting at conception. Thus,

these two papers together are complimentary in outlining

the degree of maternal and fetal recovery of tissue DHA as

it relates to several factors including the degree of initial

deficiency, the particular n-3 fatty acid used for repletion

and the level of that fatty acid as well as the length of time

required for recovery. These studies show that a nutritional

intervention with 2 wt% ALA in the third trimester or even

on the day of conception is too late to normalize DHA and

DPAn-6 content of fetal brain and liver in n-3 deficient

rodents, but as demonstrated by Schiefermeier and Yavin, a

large dose of preformed DHA is capable of restoring fetal

DHA in the third trimester. It may be possible to normalize

fetal brain DHA content with a somewhat lower dose of

DHA so as to not antagonize the ARA levels.

In the Schiefermeier and Yavin study, it was demon-

strated that the loss of DHA in the n-3 deficient diet group

occurred within the aminophospholipids, PE and PS [10].

This was confirmed for rat brain PE and PS in ED 19
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Fig. 4 Alteration of DHA (a) and DPAn-6 (b) in fetal livers during

the period of the third trimester. Symbols are the same as in Fig. 2.

The differences were statistically significant in a two-way ANOVA

(DHA, F(3, 63) = 311.2, P \ 0.001; n-3 Def, P \ 0.001; ED13

switch, P \ 0.001; ED1 switch, P \ 0.001 compared with n-3 Adq

group and ED13 switch, P \ 0.001; ED1 switch, P \ 0.001 com-

pared with n-3 Def group, P \ 0.001 between ED13 and ED1 switch

groups by Tukey’s HSD multiple range test, a group by embryonic

day interaction F(9, 63) = 4.841; P \ 0.001: DPAn-6, F(3,

63) = 468.2, P \ 0.001; n-3 Def, P \ 0.001; ED13 switch,

P \ 0.001; ED1 switch, P \ 0.001 compared with n-3 Adq group

and ED13 switch, P \ 0.001; ED1 switch, P \ 0.001 compared with

n-3 Def group, P \ 0.001 between ED13 and ED1 switch groups by

Tukey’s HSD multiple range test, a group by embryonic day

interaction F(9, 63) = 12.50; P \ 0.001
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embryos in a study of n-3 deficient (fed safflower oil)

versus n-3 adequate (fed soybean oil) by Bertrand et al.

[11] and for newborn brain cortex PE by Tam and Innis

[8]. This is the expected result as it has long been

appreciated that the main repository for brain DHA is

within the aminophospholipids with PE being the largest

component [16, 17] as has also been observed in rat liver

[6, 9]. Therefore, it may be surmised that, although our

study did not explicitly delineate the fatty acyl composi-

tion of various phospholipid pools, the loss and repletion

of DHA as well as its replacement by DPAn-6 likely

occurred in these aminophospholipids pools. Previous

work has also shown that a low brain DHA status leads to

a selective loss of brain PS [18] whereas an intra-amniotic

administration of DHA leads to increased brain and liver

PS [19].

Table 4 Fetal brain fatty acid composition

Fatty acid n-3 Def ED13 Switch ED1 Switch n-3 Adq

ED 13 ED 19 ED 19 ED 13 ED 19 ED 13 ED 19

14:0 2.03 ± 0.05 2.06 ± 0.06 2.05 ± 0.07 2.11 ± 0.07 2.12 ± 0.03 1.92 ± 0.11 2.26 ± 0.09

16:0 DMA 2.07 ± 0.04 2.17 ± 0.02 2.23 ± 0.08 1.93 ± 0.11 2.03 ± 0.01 1.97 ± 0.09 2.01 ± 0.04

16:0 25.85 ± 0.35 26.14 ± 0.21 26.41 ± 0.57 25.60 ± 0.41 26.60 ± 0.18 24.75 ± 0.68 25.03 ± 0.14

18:0 DMA 0.97 ± 0.02 1.32 ± 0.02e 1.23 ± 0.10e 0.89 ± 0.04 1.32 ± 0.02e 0.99 ± 0.03 1.40 ± 0.04e

18:0 14.08 ± 0.38 14.54 ± 0.95 15.44 ± 0.37 13.85 ± 0.33 15.57 ± 0.11 13.95 ± 0.38 15.36 ± 0.17

20:0 0.11 ± 0.01 0.08 ± 0.003f 0.08 ± 0.003e 0.11 ± 0.01 0.08 ± 0.001f 0.12 ± 0.01 0.08 ± 0.001e

22:0 0.13 ± 0.01 0.08 ± 0.004f 0.08 ± 0.002f 0.10 ± 0.01 0.08 ± 0.01 0.15 ± 0.02 0.07 ± 0.003e

24:0 0.12 ± 0.01 0.10 ± 0.02 0.12 ± 0.01 0.09 ± 0.01 0.12 ± 0.004 0.14 ± 0.03 0.10 ± 0.01

Total saturates 45.37 ± 0.41 46.50 ± 0.84 47.63 ± 0.39f 44.67 ± 0.22 47.93 ± 0.14e 43.98 ± 0.64 46.31 ± 0.19f

16:1n-7 3.48 ± 0.14 2.73 ± 0.03e 2.74 ± 0.16e 3.49 ± 0.09 2.52 ± 0.05e 3.33 ± 0.17 2.70 ± 0.02e

18:1 DMA 0.81 ± 0.02 0.35 ± 0.01e 0.32 ± 0.02e 0.75 ± 0.05 0.32 ± 0.01e 0.82 ± 0.03 0.32 ± 0.005e

18:1n-9 14.11 ± 0.42 12.32 ± 0.16e 11.43 ± 0.29e 14.95 ± 0.24 12.16 ± 0.16e 14.96 ± 0.31 12.02 ± 0.04e

18:1n-7 4.10 ± 0.12 3.52 ± 0.01 3.55 ± 0.23 4.27 ± 0.23 3.37 ± 0.05e 4.17 ± 0.08 3.25 ± 0.04e

20:1n-9 0.59 ± 0.05 0.30 ± 0.01e 0.27 ± 0.01e 0.62 ± 0.08 0.32 ± 0.02e 0.59 ± 0.07 0.26 ± 0.05e

22:1n-9 0.03 ± 0.01 0.02 ± 0.004 0.02 ± 0.001 0.07 ± 0.01 0.03 ± 0.01f 0.07 ± 0.01 0.03 ± 0.01f

24:1n-9 0.27 ± 0.02 0.20 ± 0.003 0.18 ± 0.01 0.35 ± 0.07 0.18 ± 0.02 0.48 ± 0.08b 0.13 ± 0.01e

Total monounsat. 23.39 ± 0.59 19.44 ± 0.18e 18.49 ± 0.26e 24.49 ± 0.46 18.90 ± 0.20e 24.41 ± 0.42 18.70 ± 0.06e

18:2n-6 1.38 ± 0.14 0.46 ± 0.02e 0.45 ± 0.04e 1.26 ± 0.10 0.50 ± 0.08e 1.68 ± 0.24 0.60 ± 0.05e

18:3n-6 0.11 ± 0.03 0.05 ± 0.004 0.05 ± 0.01 0.07 ± 0.003 0.04 ± 0.002 0.08 ± 0.003 0.07 ± 0.01

20:2n-6 0.07 ± 0.01 0.04 ± 0.002 0.04 ± 0.002 0.07 ± 0.01 0.05 ± 0.004 0.09 ± 0.01 0.05 ± 0.004

20:3n-6 0.29 ± 0.02 0.21 ± 0.02 0.20 ± 0.02f 0.28 ± 0.03 0.20 ± 0.01 0.36 ± 0.03 0.31 ± 0.02

20:4n-6 10.21 ± 0.18 11.72 ± 0.11e 11.38 ± 0.21 8.80 ± 0.60b 10.46 ± 0.11b, e 9.29 ± 0.08 10.73 ± 0.17e

22:4n-6 2.78 ± 0.15 3.12 ± 0.06 3.02 ± 0.07 2.02 ± 0.16a 2.76 ± 0.05d, e 2.17 ± 0.08a 2.57 ± 0.07a

22:5n-6 3.34 ± 0.16 9.12 ± 0.07e 5.77 ± 0.28a, c, e 1.26 ± 0.11a 2.22 ± 0.10a, c, e 0.84 ± 0.09a 1.28 ± 0.06a

Total n-6 PUFAs 18.18 ± 0.47 24.73 ± 0.08e 20.91 ± 0.45a, c, e 13.76 ± 0.92a 16.23 ± 0.11a, e 14.51 ± 0.15a 15.62 ± 0.21a

20:5n-3 0.08 ± 0.005 0.08 ± 0.004 0.08 ± 0.01e 0.10 ± 0.003 0.09 ± 0.001c 0.11 ± 0.01 0.16 ± 0.01a, e

22:5n-3 0.02 ± 0.002 0.04 ± 0.002 0.25 ± 0.03a, c, e 0.17 ± 0.01a 0.24 ± 0.01a, c 0.24 ± 0.03a 0.39 ± 0.01a, e

22:6n-3 0.72 ± 0.02 1.66 ± 0.08 6.49 ± 0.49a, c, e 3.91 ± 0.26a 10.40 ± 0.10a, c, e 4.95 ± 0.27a 12.62 ± 0.26a, e

Total n-3 PUFAs 0.83 ± 0.02 1.78 ± 0.08 6.81 ± 0.49a, c, e 4.18 ± 0.26a 10.72 ± 0.11a, c, e 5.29 ± 0.24 13.18 ± 0.26a, e

Total PUFAs 19.0 ± 0.47 26.5 ± 0.15 27.7 ± 0.33e 17.9 ± 1.16 27.0 ± 0.14e 19.8 ± 0.14 28.8 ± 0.33e

Total fatty acid

(lg/mg wet wt)

12.21 ± 1.02 18.73 ± 0.32e 18.50 ± 0.45e 13.95 ± 1.16 19.68 ± 0.09e 13.03 ± 2.06 19.96 ± 0.38e

Brain weight (mg) 11.8 ± 0.7 78.2 ± 3.5 71.4 ± 2.7e 9.6 ± 3.2 61.8 ± 4.0b, e 10.8 ± 1.7 67.6 ± 4.1e

DHA (lg/brain) 1.1 ± 0.1 24.4 ± 1.9 86.9 ± 10.5a, c, e 4.9 ± 1.3 126.4 ± 7.7a, c, e 6.6 ± 1.0 170.7 ± 12.6a, e

Fatty acid methyl esters from 12:0 to 24:1n-9 were analyzed and 12:0 and 18:3n-3 were not detected (i.e.\0.001%). Each parameter is presented

as the mean ± SEM, (n = 5). DMA indicates a dimethylacetal derivative of a plasmalogenic phospholipid

Statistically significant changes are represented as follow: aP \ 0.01, bP \ 0.05 compared with ED 13 or ED 19 in n-3 Def group, cP \ 0.01,
dP \ 0.05 compared with ED 13 or ED 19 in n-3 Adq group, eP \ 0.01, fP \ 0.05 compared between ED 13 and ED 19 in each group (one-way

ANOVA followed by Tukey’s HSD multiple range test)
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Although the ED1 Switch group had ‘‘caught up’’ with

respect to the brain and liver DHA level in the n-3 Adq

reference group by ED 15, subsequent to that, the DHA

level began to fall off with increasing divergence from ED

17 to ED 19. By ED 19, the DHA level in the ED1 Switch

group was lower than that of the n-3 Adq group in the

maternal serum and the fetal liver and brain. It is, however,

of significance that the ARA level in the ED1 Switch group

by ED19 had normalized relative to the n-3 Adq level.

It is noted that the maternal serum DHA level also

declined in the n-3 Adq group, however, this group

maintained a level similar to that of non-pregnant females

(Table 2). This raises the question as to whether the rapid

growth of the fetus at this end stage of development is

placing too great a demand on the maternal ability to

supply DHA due to her low body stores of DHA. The

maternal serum DHA in the ED1 Switch group does in fact

fall off after ED 15 and is only about 55% of what it was on

ED 15 (see Fig. 2a). Analysis of the dam brain indicated

that DHA in the n-3 Def group began at conception at

4.92 ± 0.19%, rises to 6.68 ± 0.28% by ED 13 and to

8.99 ± 0.13% by ED 19 in the ED1 Switch group, while

the n-3 Adq reference level is 13.36 ± 0.31% at ED 19.

These data indicate that the dam brain is rapidly incorpo-

rating a large amount of DHA during gestation when she is

switched to an n-3 Adq diet. We surmise that the origin of

this DHA is from maternal liver and/or brain in vivo

metabolism of the ALA being consumed in the diet.

At the same time, the total fatty acid of brain (lg/mg

wet wt) is increasing from 13.95 ± 1.16 to 19.68 ± 0.09

between ED 13 and 19 in the ED1 Switch group. The total

amount of DHA per brain in the ED1 Switch group over

this 6 day time period rises in a rather spectacular fashion

from 4.9 ± 1.3 to 126.4 ± 7.7 lg/brain (Table 4). This

dramatic increase between ED 13 and 19 is associated with

several factors including an increased total fatty acid

concentration (41%), an over sixfold increase in brain

weight and a selective increase in DHA content (rising over

25-fold). Similar observations were made in both the n-3

Def and the n-3 Adq groups during this period of devel-

opment, with the latter group increasing DHA content the

most. This rather extreme demand for fetal DHA coupled

with the falling maternal serum percentage of DHA and the

continuous uptake into maternal organs suggests that the

ED1 Switch dams have a limited capacity to supply DHA.

It is thus likely that the maternal dietary history with

respect to n-3 fatty acid intake and tissue DHA accretion is

an important factor for optimal maternal and infant nutri-

tion. Low n-3 fatty acid intake clearly can lead to defi-

ciencies in both fetal and maternal tissues and organs

including the brain. An adequate source of preformed DHA

is likely to prevent such deficiencies during fetal

development.
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Abstract Fish are a rich source of eicosapentaenoic acid

(EPA) and docosahexaenoic acid (DHA), two long-chain

polyunsaturated n-3 fatty acids (LC n-3 PUFA) with car-

diovascular benefits. A related but less-investigated LC n-3

PUFA, docosapentaenoic acid (DPA), is more common in

seal oil and pasture-fed red meats. This study compared

indicators of platelet function and plasma lipids in healthy

volunteers given supplements containing these different

fatty acids (FA) for 14 days. Subjects, randomised into

three groups of ten, consumed capsules of tuna oil (210 mg

EPA, 30 mg DPA, 810 mg DHA), seal oil (340 mg EPA,

230 mg DPA, 450 mg DHA) or placebo (sunola) oil.

Supplementary LC n-3 PUFA levels were approximately

1 g/day in both fish and seal oil groups. Baseline dietary

FA and other nutrient intakes were similar in all groups.

Both fish and seal oil elevated platelet DHA levels

(P \ 0.01). Seal oil also raised platelet DPA and EPA

levels (P \ 0.01), and decreased p-selectin (P = 0.01), a

platelet activation marker negatively associated with DPA

(P = 0.03) and EPA (P \ 0.01) but not DHA. Plasma

triacylglycerol decreased (P = 0.03) and HDL-cholesterol

levels increased (P = 0.01) with seal oil only. Hence, seal

oil may be more efficient than fish oil at promoting healthy

plasma lipid profiles and lowering thrombotic risk, possibly

due to its high DPA as well as EPA content.

Keywords Docosapentaenoic acid � Omega-3

polyunsaturated fatty acids � Cardiovascular disease �
Triacylglycerols � Platelet activation � P-selectin
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Greek Symbols

X Ohm (electrical resistance)

Introduction

Cardiovascular diseases (CVD) are the leading causes of

death in most westernised countries [1], the primary cause

being atherosclerosis [2], a multi-factorial condition which

becomes critical when it affects the supply of blood to the

heart or brain [3]. One critical indicator of CVD risk

appears to be the ratio between low-density lipoprotein

(LDL)-cholesterol and high-density lipoprotein (HDL)-

cholesterol [4], as atherosclerosis develops when distinct

morphological forms of LDL invade the inner cellular

lining of arteries and become oxidised [5, 6], promoting

endothelial cell dysfunction. Subsequently, trapped mono-

cytes and necrotic debris can rupture and trigger platelet

activation and aggregation to induce an occlusive thrombus

[6].

In general, if circulating platelets encounter endothelial

damage, agonists such as collagen, adenosine triphosphate

(ATP), adenosine diphosphate (ADP) and thrombin pro-

mote the activation of platelets and their adherence to

exposed subendothelium, leading to thrombus formation

[7]. Once activated, the platelets undergo shape change,

exposing the cell adhesion molecule (CAM) p-selectin on

their surface, initiating aggregation and releasing proco-

agulants. Mechanisms for controlling platelet activation are

poorly understood, but there are indications that this may

be linked to prostacyclin and nitrous oxide increasing

intracellular levels of cyclic adenosine monophosphate

(cAMP) [8, 9], as cAMP controls intracellular levels of

calcium ions important for aggregation and adhesion; if

levels of cAMP are increased, platelet activation and

aggregation are reduced [9].

Epidemiological studies indicate that high intakes of

long chain ([18 carbons) omega-3 polyunsaturated fatty

acids (LC n-3 PUFA) are associated with decreased mor-

bidity and mortality from CVD [10]. These LC n-3 PUFA

at doses of around 3 g/day or more become incorporated in

cell membrane phospholipids and then act to reduce

inflammatory factors [10] and decrease hepatic triacylgly-

cerols [11]. However, free LC n-3 PUFA in extracellular

fluids appear to affect cardiac arrhythmias at doses of only

1 g/day [10]. In general intake of fish or use of fish oil

supplement lowers CVD risk factors [12–14], apparently

through the actions of eicosapentaenoic acid, C20:5n-3

(EPA), and docosahexaenoic acid, C22:6n-3 (DHA).

Both EPA and DHA have been shown to lower plasma

triacylglycerol levels, an independent risk factor for CVD

[15], as well as increase levels of HDL-cholesterol [16].

Supplementary EPA has successfully suppressed the

expression of platelet activation markers and the release

of platelet-derived microparticles capable of generating

thrombin (a potent platelet aggregator), thereby retarding

further platelet activation [17, 18]. There is evidence that

EPA and DHA also reduce platelet aggregation [19].

Red meat contains relatively small amounts of EPA and

DHA, but is rich in another LC n-3 PUFA: docosapenta-

enoic acid, C22:5n-3 (DPA), which is only present in small

amounts in a few oily fish [20]. Reported intakes of DPA in

countries such as France [21], Japan [22] and Denmark

[23] are generally similar to Australian values [24]. Since

Australians consume around six times as much meat as fish

and seafood [25], this food contributes significantly (up to

43%) to the total LC n-3 PUFA intake of many Australians,

and DPA may make up almost one-third of the LC n-3

PUFA in the average adult Australian diet [24]. As such,

further investigation of its effects on cardiovascular and

general health is required.

The similarity in molecular structure of DPA to EPA

and DHA makes it feasible that DPA has similar beneficial

effects to DHA and EPA on cardiovascular parameters. All

three of these LC n-3 PUFA are significantly and inversely

related to carotid intimal-medial thickness [22], and DPA,

like EPA and DHA, has been shown to have an anti-

aggregatory effect on platelets [26, 27]. A large prospective

study in healthy males found that serum levels of EPA

were not associated with reduced risk of acute coronary

events, whereas subjects with the highest levels of com-

bined DHA and DPA were at reduced risk compared to

those with the lowest levels [28]. Supplementary seal oil,

relatively rich (compared with fish oil) in DPA, has been

found to induce an increase in the LC n-3 PUFA status of

serum phospholipids in normal men, with the suggestion of

a favourable shift in the balance of plasma pro-coagulant

and anticoagulant activity [29]. LC n-3 PUFA have also

shown anti-inflammatory effects in many experimental

models as well as in clinical conditions of inflammation

[10], and evidence for the specific benefits of seal oil in

such cases has been mainly positive [30, 31], although not

always significant [32].

Commercial quantities of pure food-grade DPA are not

currently available for use in a clinical trial. Seal oil (which

also contains EPA and some DHA) is the richest com-

mercially-available source of DPA but, to our knowledge,

no report of its effect on platelet activation has previously

been published. This study examined the effects of seal oil

on blood lipids and platelet factors compared to those of

tuna-fish oil (which contains minimal DPA, 40% less EPA

and double the DHA of seal oil) in healthy volunteers. A

placebo oil containing no LC n-3 PUFA provided a control

in this randomised double-blind parallel intervention study.
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Experimental Procedures

Ethics Approval

The study protocol was approved by the RMIT University

Human Research Ethics Committee and notification for-

warded to the Australian Therapeutics Goods Administration.

Recruitment and Study Population

Thirty healthy volunteers (19 female and 11 male), aged

from 20 to 50 years, were recruited for this pilot clinical

trial after advertisement of the study and screening for

suitability. Subjects had no known metabolic, endocrine or

haematological diseases, were not smokers nor on any form

of medication, and had moderate physical activity levels.

Signed informed consent was obtained from all volunteers

prior to randomisation. Study participants were required to

complete a 7-day weighed food record before commencing

the dietary fatty acid supplementation, to confirm that they

were not consuming antioxidant or other nutrient supple-

ments and to compare the general nutrient and fatty acid

intakes in the different groups. The volunteers were

requested not to modify their diet whilst participating in

this study, and also asked to refrain from consuming

aspirin-type products and fish oil supplements for 2 weeks

prior to and during the study.

Experimental Design

The study was a randomised parallel double-blind placebo-

controlled clinical trial conducted over 14 days (sufficient

for complete platelet turnover). After an initial 14-day

wash-out period (on a common diet very low in LC n-3

PUFA), subjects were randomly assigned to one of three

groups: a placebo oil (Sunola—high oleic acid sunflower

oil), tuna-fish oil or seal oil group. Each group consumed

their combination of supplementary fatty acids in the form

of 10 soft-gel capsules per day over the trial period. Sub-

jects were instructed to consume their daily supplementary

capsules with or after breakfast.

The placebo group received ten 500 mg capsules/day of

sunola oil (85% 18:1n9, 5% 18:2n6, 5% 16:0) (Nu-Mega

Ingredients Pty. Ltd., Australia), which is devoid of EPA,

DPA, DHA and other LC PUFA, but provided approxi-

mately 4 g monounsaturated oil per day (Table 1). The fish

oil subjects received four of the placebo capsules/day plus

six 500 mg capsules/day of tuna-fish oil, which is rich in

DHA and also contains EPA and a small amount of DPA

(Nu-Mega Ingredients Pty. Ltd., Australia). The third group

received ten 500 mg seal oil capsules/day (BGI Atlantic

Marine Product Inc., Canada), containing EPA, DHA and

significant amounts of DPA (over seven times that in the

fish oil). The tuna-fish and the seal oil groups both received

a total of just over 1 g/day of supplementary LC n-3 PUFA

(Table 2).

Since only the seal oil contained squalene (12.5 mg/

500 mg seal oil capsule), the fish oil and placebo group

participants were given one 875 mg squalene capsule per

week (equivalent to the seal group intake of 125 mg/day),

to equalise squalene intakes within the groups.

It should be noted that seal oil also contains 0.3 mg/

100 g vitamin A and 4.5 mg/100 g alpha-tocopherol [32],

whereas tuna-fish oil contains less than 10 International

Units of vitamin A and 0.21% of mixed natural tocopherols

(NuMega Ingredients Ltd., Sydney).

All subjects initially completed a 7-day weighed food

record to provide baseline nutrient values. Fasting blood

was collected from each subject at day 0 and day 14 of the

trial. Samples were analysed for whole blood platelet

aggregation and adenosine triphosphate (ATP) release from

platelet-dense granules. A full blood examination provided

a platelet count and mean platelet volume (MPV). Platelet

activation markers were measured using flow cytometry,

and inflammation assessed via plasma C-reactive protein

(CRP). A full blood lipid profile provided plasma total

cholesterol, HDL-cholesterol, LDL-cholesterol and triac-

ylglycerol levels, and platelet fatty acid content was

assessed.

Table 1 The principal fatty acid composition of supplementary oils

used in this study (mg FA/500 mg oil)

Fatty acid Placebo

(sunola) oil

Fish

oil

Seal

oil

C18:1n-9 425 61 142

C20:5n-3 (EPA) 0 35 34

C22:5n-3 (DPA) 0 5 23

C22:6n-3 (DHA) 0 135 45

Total LC n-3 PUFA per 500 mg capsule 0 175 102

Subjects received 10 sunola oil capsules or six fish oil plus four

sunola oil capsules or ten seal oil capsules, per day

Table 2 Total amount of supplementary oleic acid and principal

long-chain n-3 PUFA (mg/day) supplied to subjects in each test group

(through consumption of 10 soft-gel capsules per day)

Fatty acid Placebo (Sunola)

oil group

Fish oil

group

Seal oil

group

C18:1n-9 4,250 1,944 1,420

C20:5n-3 (EPA) 0 210 340

C22:5n-3 (DPA) 0 30 230

C22:6n-3 (DHA) 0 810 450

Total LC n-3 PUFA 0 1,050 1,020

Lipids (2010) 45:669–681 671

123



Dietary Analyses

The baseline nutrient intakes were determined using the

software package FoodWorks (Xyris Software, Australia).

Baseline fatty acid intakes were assessed using the RMIT

University Fatty Acid Database available on FoodWorks.

Blood Collection

Subjects were requested to fast overnight (12–14 h), then

blood was taken in the laboratory between 0700–0800 hours

on days 0 and 14 of supplementation. To reduce platelet

activation from venipuncture, subjects were carefully bled

without a tourniquet. A 21-gauge needle was employed to

collect blood into Greiner Bio-one Vacutainers (Interpath

Services, Victoria, Australia) in the following sequence:

one 2-mL tri-potassium ethylene-diamine-tetra acetic acid

(EDTA) (1.8 mg/mL) tube, two 5-mL tri-sodium citrate

(3.8%) tubes, and one 10-mL serum separator tube.

Handling and agitation of specimens were kept to a

minimum.

Platelet Function Tests

Mean platelet volume (MPV) and platelet count were

measured by using whole blood collected in EDTA-con-

taining tubes with the use of a Beckman Coulter Ac.TTM

5diff analyser (Coulter Corporation, Miami, FL, USA),

within 20 min of venipuncture. The performance of the

analyser was validated daily, prior to full blood examina-

tion (FBE), using Coulter Calibrator and Controls Plus.

Blood collected in citrate-containing tubes was used to

determine the extent of platelet aggregation and to measure

the release of ATP from platelets. Whole blood platelet

aggregation was measured within 1 h of venipuncture with

an impedance aggregometer (Chrono-Log Corp, Philadel-

phia) equipped with MacLab software (ADInstruments Pty,

Ltd, Castle Hill, Australia) for data quantisation and

analysis. This method has been previously described by

Murphy et al. [33]. Calibrations for impedance and ATP

release were performed daily before analysing blood

samples. Briefly, citrated whole blood was diluted with

saline (1:1), 100 lL Chrono-lume� reagent (Chrono-Log

Corp, Philadelphia) was added, the sample was then incu-

bated, and mixed with agonists, either 2 lg collagen/mL

[Chrono-Log Corp] or 1 mmol arachidonic acid/L (which

was used to stimulate platelets for repeating the aggregation

as a check for anti-inflammatory intake). Aggregation was

recorded for 6 min. ATP released from the platelets reacted

with luciferin-luciferase in the Chrono-Lume reagent and

luminescence was measured at 650 nm by a photomultiplier

tube (PMT) within the aggregometer, simultaneously with

platelet aggregation.

Additional aliquots of citrated whole blood were used for

measuring platelet activation. Whole blood was diluted with

modified Tyrode’s buffer and incubated for 5 min in the

presence of 2 lg collagen/mL. Subsequently, aliquots of

activated blood were incubated in the dark with monoclonal

antibodies: phycoerythrin-conjugated CD41 (Immunotech,

Marseille; which was used to identify platelets because it

has specificity for the glycoprotein IIb portion of the gly-

coprotein IIb-IIIa antigen present on resting and activated

platelets); fluorescein isothiocyanate-conjugated CD62P

(Immunotech, Marseille; an activation-dependent antibody

directed against P-selectin, a component of the a-granule

membrane of resting platelets that becomes expressed on

the platelet surface membrane upon activation); or one of

the isotype controls, immunoglobulin G1 (IgG1). Samples

were fixed with paraformaldehyde and incubated to prevent

further artifactual in vitro platelet activation. Modified

Tyrode’s buffer was added to terminate the fixation, and

samples were analysed on an EPICS Elite flow cytometer

(Coulter Electronics) equipped with a 15-mW argon laser,

with excitation at 488 nm. The fluorescence of fluorescein

isothiocyanate and phycoerythrin was detected using 525

and 575 nm band pass filters, respectively. Single platelets

were identified by gating on both phycoerythrin positivity

(CD41 binding) and characteristic light scatter. (Because

single platelets are smaller and less complex than other

blood cells, including aggregated platelets, their forward

scatter and side scatter are lower in comparison with other

cells.) Once identified, the expression of P-selectin was

determined by analysing 20,000 free platelets, collected at a

rate of between 1,300 and 1,600 events/s. Activated plate-

lets were defined as CD41-positive events that expressed

P-selectin. The data are reported as a proportion of maxi-

mum CD62P expression.

C-Reactive Protein and Lipid Profile

Serum was separated from blood collected in a serum

separator tube and analysed at the St. Xavier Francis

Cabrini Hospital (Malvern, Victoria, Australia) using an

automated biochemical analyser (Olympus AU2700). Cal-

ibrators and controls (Biorad LiquichekTM human chemis-

try controls) were run routinely to validate the performance

of this instrument.

Anti-CRP antibodies (goat) were employed to aggregate

with CRP in serum. The immuno-turbidimetric method

(polyethylene glycol with tris-aminomethane buffer) was

utilized for analysing the absorbance of the aggregates that

were proportional to the CRP concentration within the

sample.

Total cholesterol was measured using an enzymatic

assay system (Integrated Sciences Ltd., Sydney, Austra-

lia) which produced a chromophore (quinoneimine dye)
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quantified at 520/600 nm. Triacyglycerols were measured

using a multi-step enzymatic assay (Integrated Sciences

Ltd, Sydney, Australia) that resulted in production and

measurement of the same quinoneimine dye. Similarly,

HDL-cholesterol was determined using an enzymatic

colorimetry kit (Thermo Trace Ltd, Melbourne, Australia),

with the product detected at 340 nm. LDL-cholesterol was

calculated using the Freidewald calculation [34].

Platelet Fatty Acid Content

Platelet-rich plasma was obtained by centrifugation at

1,950 rpm for 5 min and then the supernatant spun again

at 1,000 rpm for 20 min. The platelet fatty acids were

determined at Flinders Medical Centre (Bedford Park,

Adelaide, Australia), following trans-esterification, sepa-

ration and quantification as fatty acid methyl esters using

a Hewlett-Packard 6890 gas chromatograph equipped

with a 50 m BPX-70 capillary column (0.32 mm ID,

0.25 lm film thickness) (SGE Pty Ltd Victoria, Australia)

[35].

Statistics

Statistical analyses were performed using the statistical

package SPSS, version 13.0 (SPSS Inc., USA). Student’s

paired t tests were used to test significance between

baseline and post-trial samples within groups, and one-

way analysis of variance (ANOVA) used to determine

significance between groups. Regression analysis was

performed using Microsoft Excel 2002 (Microsoft Cor-

poration) to examine associations between selected

parameters. A statistical significance of P \ 0.05 was

applied to all data.

Results

Subjects

Three of the original 30 subjects withdrew from the study

due to time constraints or difficulty with phlebotomy, all

coincidently members of the placebo group. Remaining

subjects were reasonably well matched for age and weight

(Table 3). Subjects’ compliance was verified through

capsule count. No side effects were recorded other than

‘fishy burps’ experienced by a few subjects from the fish

and seal oil groups during supplementation. No subject

reported ingestion of aspirin during the study and this was

confirmed by normal platelet aggregation curves obtained

using (AA) as an agonist.

Baseline Nutrient and Fatty Acid Intakes

Incomplete food intake data were obtained from three

subjects (one placebo and two seal oil volunteers), so that

these final values were provided by 6 subjects (5 female, 1

male) in the placebo group, 10 (5 male, 5 female) in the

fish oil and 8 (7 female, 1 male) in the seal oil group.

The baseline dietary data for all three study groups were

generally similar, with no significant differences except for

alcohol consumption, which was high in the seal oil group

due to the atypical intake of one subject (Table 4). Total fat

consumption was of the order of 70–80 g/day for all groups.

Baseline fatty acid intakes, including background levels

of intake of EPA, DPA and DHA, and of total LC n-3

PUFA (of the order of 0.10 g/day), were also similar in all

treatment groups (Table 5).

Fatty Acid Incorporation into Platelet Phospholipids

Table 6 shows that while most mean platelet fatty acid

concentrations did not change in the placebo group, there

were unexpected increases of almost 10% in DHA and 7% in

total LC n-3 PUFA (P = 0.04 for both) at day 14. Subjects

in the fish oil group had decreased platelet levels of total

saturated fatty acids (-5%, P = 0.03), and highly signifi-

cant increases in DHA (?78%, P B 0.001) and total LC n-3

PUFA levels (?40%) (P B 0.01). An increase in platelet

EPA (41%) approached significance (P = 0.06) in the fish

oil group. Platelet arachidonic acid (AA) levels did not

change in any group. In subjects who received the seal oil

supplement, levels of several fatty acids changed signifi-

cantly. A decrease in 16:0 (-4%) was observed (P = 0.02),

as was a decrease in total monounsaturated fatty acids

(-6%, P = 0.01). Total n-9 and total n-7 contents both

decreased (P = 0.04 and P = 0.01, respectively). Platelet

concentrations of EPA increased considerably with seal

oil (?204%, P = 0.000), as did those of DPA (?49%,

P = 0.01) and DHA (?51%, P \ 0.01). Total LC n-3

PUFA increased by 63% (P \ 0.01). Analysis by ANOVA

showed that the change in total n-9 was unique to the seal

Table 3 Descriptive characteristics of study participants in the three

test groups at baseline (n = 27)

Demographic

parameters

Placebo

(n = 7)

Fish oil

(n = 10)

Seal oil

(n = 10)

Gender:

female/

male

5/2 5/5 8/2

Age (years) 29 ± 5 (23–36) 30 ± 8 (21–43) 31 ± 6 (23–41)

Weight (kg) 68 ± 17

(50–98)

72 ± 14

(48–88)

78 ± 14

(60–99)

Values are means ± SD (range). n is number of participants
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group (P = 0.04). The unexpected increases in platelet

DHA and total LC n-3 PUFA measured for the placebo

group were significantly less than those observed for the fish

and seal oil groups (P \ 0.01). The increases in platelet

EPA, DPA, DHA and total LC n-3 PUFA concentrations

measured for the seal oil group were not matched by any

other group (ANOVA: P \ 0.01), except for DHA in the

fish oil group.

Platelet Parameters

At baseline, there were no significant differences between

groups for any platelet parameters, including LC n-3 PUFA

levels. After 14 days’ supplementation with placebo oil,

fish oil or seal oil, no significant changes were observed in

platelet volume (Table 7). An unexplained increase in

platelet count was noted in the placebo (sunola) group, but

fish oil and seal oil groups were unchanged. Platelet acti-

vation, determined by P-selectin (CD62p %) expression,

decreased significantly after seal oil supplementation

(P = 0.01), with no significant change in either the fish oil

or placebo groups. ANOVA analysis confirmed a highly

significant difference (P \ 0.01) in effect on platelet acti-

vation between the seal oil group and the other two groups.

Platelet aggregation was not significantly changed by

supplementation in any of the three groups. An unex-

plained increase in platelet ATP release was induced by

fish oil supplementation (P = 0.02), where the day 0–day

14 difference was approximately twice that observed in

placebo and seal groups.

Because of the large effect of seal oil on platelet acti-

vation, platelet DPA, EPA and DHA levels were correlated

with P-selectin expression. When the data pairs for all

treatment groups at Day 0 and Day 14 of supplementation

were pooled, there was no significant correlation between

P-selectin and DPA (P = 0.12) or DHA (P = 0.16), but

EPA and P-selectin were significantly negatively correlated

(P = 0.02). When these Day 0 and Day 14 data were

analysed separately, the baseline levels of EPA, DHA and

DPA were not significantly associated with p-selectin

levels. However, at Day 14 of supplementary treatment, a

significant negative correlation was found between platelet

p-selectin and both DPA (P = 0.03) and EPA levels

(P \ 0.01), but not DHA levels (P = 0.13) (Fig. 1).

Table 4 Average baseline daily

nutrient intakes of the study

participants who then received

supplementary placebo (sunola

oil), tuna-fish oil or seal oil

capsules

Values are means ± SD
a Subject numbers were

reduced because of incomplete

dietary data (see text). Values

were obtained from the

following gender mix of

subjects in the placebo, fish oil

and seal oil groups: 5 female/1

male, 5 female/5 male, 7

female/1 male, respectively

Nutrient (day-1) Placebo (n = 6)a Fish oil (n = 10) Seal oil (n = 8)a

Energy (E) (kJ) 8,939 ± 2,675 8,452 ± 3,628 9,522 ± 2,475

Protein (g) 89.92 ± 25.92 81.17 ± 37.48 93.23 ± 29.12

Total fat (g) 82.23 ± 38.35 69.31 ± 34.68 80.40 ± 36.24

Saturated fatty acids (g) 35.88 ± 23.63 28.93 ± 14.77 30.65 ± 14.51

Monounsaturated fatty acids (g) 28.14 ± 11.31 24.03 ± 11.82 30.40 ± 13.54

Polyunsaturated fatty acids (g) 10.54 ± 2.74 10.31 ± 5.87 11.99 ± 5.68

Cholesterol (mg) 410.51 ± 296.08 244.32 ± 168.54 236.12 ± 77.60

Carbohydrate (g) 245.90 ± 58.12 246.35 ± 97.55 267.82 ± 55.80

Alcohol (g) 2.77 ± 3.79 7.41 ± 6.03 11.32 ± 5.59

Dietary fibre (g) 23.43 ± 5.21 22.01 ± 11.23 21.05 ± 5.80

Thiamin, B1 (mg) 1.54 ± 0.32 1.39 ± 0.62 1.43 ± 0.27

Riboflavin, B2 (mg) 2.34 ± 0.83 2.09 ± 1.03 1.98 ± 0.43

Niacin, B3 (mg) 18.30 ± 3.27 17.90 ± 7.51 19.81 ± 6.22

Vitamin C (mg) 152.92 ± 35.84 143.89 ± 107.41 126.64 ± 53.89

Folate (lg) 350.32 ± 70.43 303.64 ± 143.10 267.37 ± 58.75

Vitamin A (lg) 889.17 ± 314.94 840.03 ± 344.34 794.20 ± 304.18

Sodium (mg) 2,533.77 ± 621.64 2,501.37 ± 1124.27 2,778.42 ± 948.78

Potassium (mg) 3,346.85 ± 800.34 3,089.29 ± 1549.37 3,045.19 ± 707.63

Magnesium (mg) 321.72 ± 77.07 295.27 ± 144.15 294.68 ± 69.18

Calcium (mg) 1,083.68 ± 331.42 992.45 ± 508.74 945.07 ± 269.24

Phosphorus (mg) 1,582.82 ± 433.49 1,458.65 ± 729.69 1,514.06 ± 369.51

Iron (mg) 13.01 ± 2.25 11.44 ± 5.17 12.29 ± 3.47

Zinc (mg) 12.15 ± 4.03 11.13 ± 5.83 11.76 ± 3.06

Protein (%E) 17.55 ± 3.07 16.50 ± 1.76 16.79 ± 2.12

Fat (%E) 33.34 ± 5.03 30.16 ± 3.00 30.61 ± 6.75

Carbohydrate (%E) 48.10 ± 4.56 50.64 ± 5.49 49.01 ± 6.47

Alcohol (%E) 1.01 ± 1.48 2.71 ± 2.51 3.59 ± 1.93
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Blood Lipid Profile and C-Reactive Protein

Baseline blood lipid profile parameters (total cholesterol,

HDL- and LDL-cholesterol, and triacylgylcerols) and

C-reactive protein (CRP) levels did not differ significantly

between groups (Table 7). At day 14 of supplementation,

total cholesterol and LDL-cholesterol were unchanged

compared to baseline in all treatment groups. HDL-choles-

terol increased significantly (P = 0.01) after 14 days’ of seal

oil intake, and approached significance in the fish oil group

(P = 0.06). This pattern was maintained in the triacylglyc-

erol results, where a significant decrease was induced by seal

oil supplementation (P = 0.03) but only a tendency to

decrease was observed in the fish oil group (P = 0.06). CRP

did not change significantly within any group.

Discussion

This study compared the effects of a 14-day supplemen-

tation with seal oil, tuna-fish oil or a monounsaturated

vegetable (sunola) oil in healthy volunteers. The results

indicated that relatively small supplements of approxi-

mately 5 g/day of seal oil and 3 g/day of tuna-fish oil (each

containing approximately 1 g LC n-3 PUFA) were suffi-

cient to induce significant increases in the total LC n-3

PUFA content of platelets. Both seal and fish oil induced

highly significant increases in platelet DHA, even though

the supplementary intake of this fatty acid was almost

twice as great in the fish oil group. The pattern of increase

in platelet EPA levels roughly followed the relative

amounts of EPA supplied by the supplements: EPA

increase with fish oil was almost significant (P = 0.06),

whereas the seal oil supplement, which provided approxi-

mately 60% more EPA, induced a highly significant

increase in platelet EPA (P \ 0.01), possibly involving

some retroconversion of DPA to EPA as observed by Kaur

et al. [36] in a rat model. In addition, the higher levels of

DPA present in the seal oil supplement were reflected in a

significant rise in platelet DPA (P \ 0.01), while the very

small DPA content of the fish oil induced no change. An

unexpected increase in platelet DHA and in total LC n-3

Table 5 Average baseline daily

fatty acid intakes (grams per

day) for subjects who then

consumed supplementary

placebo (sunola oil), tuna-fish

oil or seal oil capsules

Values are means ± SD
a Subject numbers were

reduced because of incomplete

dietary data (see text). The

gender mix for placebo, fish oil

and seal oil groups was 5

female/1 male, 5 female/5 male,

7 female/1 male, respectively
b LC Long chain

polyunsaturated fatty acids, [18

carbons

Fatty acid Placebo (n = 6)a Fish oil (n = 10) Seal oil (n = 8)a

C4:0 0.83 ± 0.69 0.62 ± 0.53 0.42 ± 0.24

C6:0 0.59 ± 0.50 0.45 ± 0.38 0.28 ± 0.17

C8:0 0.38 ± 0.28 0.35 ± 0.22 0.29 ± 0.18

C10:0 0.78 ± 0.61 0.64 ± 0.46 0.48 ± 0.28

C12:0 1.15 ± 0.63 1.35 ± 0.74 1.51 ± 0.96

C14:0 3.64 ± 2.43 3.09 ± 1.96 2.63 ± 1.26

C15:0 0.41 ± 0.28 0.32 ± 0.22 0.24 ± 0.13

C16:0 17.24 ± 9.14 13.68 ± 7.62 14.65 ± 5.61

C17:0 0.29 ± 0.16 0.26 ± 0.16 0.19 ± 0.11

C18:0 8.84 ± 6.43 6.63 ± 3.49 6.74 ± 2.70

C20:0 0.32 ± 0.25 0.22 ± 0.14 0.20 ± 0.10

C22:0 0.06 ± 0.07 0.04 ± 0.03 0.08 ± 0.05

C24:0 0.02 ± 0.03 0.02 ± 0.02 0.03 ± 0.02

C14:1 0.36 ± 0.22 0.33 ± 0.24 0.25 ± 0.11

C16:1n-7 1.45 ± 0.53 1.12 ± 0.69 1.27 ± 0.64

C17:1 0.04 ± 0.02 0.03 ± 0.03 0.03 ± 0.03

C18:1n-9 22.69 ± 8.71 18.89 ± 10.21 21.80 ± 6.81

C18:1t 0.03 ± 0.07 0.09 ± 0.24 0.10 ± 0.22

C20:1 0.11 ± 0.06 0.08 ± 0.05 0.14 ± 0.07

C18:2n-6 7.34 ± 2.37 6.87 ± 3.68 8.20 ± 2.15

C18:3n-3 0.84 ± 0.22 0.69 ± 0.36 0.96 ± 0.50

C20:4n-6 (AA) 0.10 ± 0.10 0.05 ± 0.04 0.07 ± 0.05

C20:5n-3 (EPA) 0.03 ± 0.04 0.03 ± 0.03 0.03 ± 0.01

C22:5n-3 (DPA) 0.02 ± 0.02 0.01 ± 0.01 0.01 ± 0.01

C22:6n-3 (DHA) 0.06 ± 0.07 0.06 ± 0.06 0.07 ± 0.02

Total n-6 7.46 ± 2.36 6.93 ± 3.71 8.27 ± 2.16

Total n-3 0.94 ± 0.26 0.79 ± 0.43 1.06 ± 0.51

Total LCb n-3 PUFA 0.11 ± 0.12 0.10 ± 0.09 0.10 ± 0.04
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PUFA was recorded for the placebo group, despite no DHA

or alpha-linolenic (18:3n-3) acid being present in the pla-

cebo (sunola) oil. Similarly, there was a significant rise in

platelet DHA levels in the seal oil group, despite the low

concentration of DHA in the seal oil, most likely due to

further desaturation of the DPA as seen in other studies

[36].

Although both EPA and DHA have been shown to

competitively displace AA from platelet phospholipids

[11], AA levels did not change in this study with either seal

or fish oil supplement, perhaps because of the relatively

low dosages consumed. However, significant decreases in

the cumulative content of platelet n-7 and n-9 fatty acids,

as well as total MUFA, following seal oil intake were very

likely due to displacement by the supplementary LC n-3

PUFA in the platelets. Interestingly, such changes were not

seen with the tuna-fish oil, which contained the same total

amount of LC n-3 PUFA but twice the DHA content and

60% of the EPA content of seal oil. Instead, fish oil induced

a significant decrease in total saturated FA that was not

observed with seal oil, suggestive of a preferential dis-

placement of saturated FA in the platelets by DHA. As the

overall total amount of n-6 fatty acids did not change

significantly with fish or seal oil supplementation whilst

total LC n-3 PUFA increased, both the fish oil and seal oil

intakes induced a decrease in the n-6/n-3 ratio, also

observed following 20 g/day seal oil treatment [29]. Such a

reduction in platelet n-6/n-3 (LC PUFA) ratio is generally

considered beneficial for the prevention of CVD [37],

although a large study indicated that having a higher intake

of n-3 PUFA is more critical for the prevention of coronary

heart disease than the relative level of n-6 intake [38].

The most important finding in response to seal oil sup-

plementation in this study was a significant reduction in

platelet activation, as determined by platelet p-selectin

expression. In contrast, fish oil supplementation did not

affect this factor, although EPA has previously been shown

to decrease platelet activation [17]. Rather, an unexpected

increase in platelet ATP release, a promoter of platelet

activation, was observed with fish oil consumption

(P = 0.02). Although the dose of EPA in the fish oil

(0.21 g/day) was less than that in the seal oil (0.34 g/day)

the strength of the response to seal oil suggests that DPA

along with EPA may be having a potent suppressive effect

upon platelet activation, or the retroconversion of DPA to

EPA is resulting in sufficient EPA to affect platelet surface

activity. The finding of an inverse correlation between

platelet activation and platelet DPA levels agrees well

with the inhibitory effect on platelet reactivity previously

observed with DPA treatment in vitro [26]. A lack of

change in platelet activation with the fish oil treatment is

consistent with its high DHA content (77%) and lesser EPA

and DPA content compared to seal oil (Table 2), since

DHA seems to have no association with p-selectin. At

higher dosages of fish oil, the larger quantities of EPA

might eventually result in depressed platelet activation,

since we also found a negative correlation between platelet

EPA levels and platelet P-selectin expression. Others have

previously concluded that EPA but not DHA reduces

platelet activation [39].

The lack of significant change in platelet aggregation

with either seal oil or fish oil is not unexpected given the

low doses used in this study; it echoes one result found

with a 20-g dose of seal oil given to healthy males [29], but
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Fig. 1 Correlations between platelet levels of a DPA, b EPA, and

c DHA (% of total FA) and platelet activation (P-selectin expression,

%) for the pooled treatment groups (placebo/sunola oil, fish oil and

seal oil) at day 0 and day 14 of supplementation. (*P \ 0.05,

***P \ 0.005 for Pearson’s product moment)
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not a later study which did find that 15 mL seal oil sup-

pressed platelet aggregation in mixed gender subjects with

mild hypercholesterolemia [40]. In the present study, as the

DPA/EPA-rich seal oil supplementation was shown to

decrease one aspect of platelet activation, we might have

expected it to decrease platelet aggregation in turn, but this

process may have required longer than 14 days or a higher

dose of LC n-3 PUFA to reach significance. Others have

reported that EPA and DHA appeared to have anti-platelet

aggregation effects in vitro through differing actions on

thromboxane production in platelets [11, 41]. However,

thromboxane-induced aggregation was more potently

blocked by DHA than EPA [41]. In vitro studies testing

each of these LC n-3 PUFA individually demonstrated that

DPA had a potent dose-dependant effect on collagen or

AA-stimulated aggregation superior to that of DHA or

EPA, which were very similar in effect [27]. The authors

speculated that DPA has a potent effect which results in

interference with the cyclooxygenase pathway and accel-

eration of the lipoxygenase pathway to inhibit aggregation

[27]. Inhibition of collagen-induced aggregation and pres-

ervation of platelet morphology by DPA appears to be

surface-mediated, as with DHA [26]. Evidence also exists

for gender differences in in vitro platelet aggregation

responses to LC n-3 PUFA [42], with EPA effectively

decreasing platelet aggregation in blood from healthy

males and females, while both DPA and DHA were sig-

nificantly less effective in males compared with females.

In this study, the seal oil supplement also produced

another outcome protective of CVD: a significant increase

in HDL-cholesterol that was not observed with the fish oil.

When Buckley et al. [43] compared the effects of 4.8 g/day

EPA or DHA in normal adults, they found no effects

on HDL-cholesterol. In contrast, supplementation with

2.4 g/day of EPA plus 1.6 g/day DHA (a combined total of

4 g/day, with exercise) induced increases in HDL-cholesterol

[44] in a dose-dependent manner resembling the effects of

fish consumption [16]. In our study, lack of significant

change in HDL-cholesterol with the fish oil may reflect the

considerably lower content of EPA (210 mg/day) plus DHA

(810 mg/day) (i.e. 1.02 g/day combined) provided in this

supplement. However, the combined dose of these FAs

in the seal oil was even lower at 0.790 g/day (EPA 340

mg/day, DHA 450 mg/day), suggesting that it may be the

230 mg/day DPA that positively affected HDL-cholesterol

in our participants, even at this low supplementary dose. In

view of this result, it is difficult to explain why HDL-cho-

lesterol did not change in two previous investigations with

seal oil [29, 45], one involving a very large (20 g/day) oil

supplement [29]. Confusingly, subjects given pure seal oil

and those who received cod liver oil (rich in EPA and DHA)

did not show a change in HDL-cholesterol, yet this factor

increased significantly after supplementation with the same

volume of a combination of seal oil and cod liver oil [45].

This almost suggests a synergistic effect of DPA and EPA,

or else that the amount of EPA present in the combination

oil dose reached a level which effected a detectable change.

Modest decreases in serum total cholesterol have been

described after seal oil supplementation [12], but we

observed no changes in either total cholesterol or

LDL-cholesterol, in line with some other studies [29, 45].

Supplementary fish oil has previously been shown to

decrease both total and LDL-cholesterol in patients at risk

of CVD [13, 46], but this was not the case in our study of

healthy volunteers taking relatively small dosages of tuna-

fish oil. Larger doses or longer periods of supplementation

may be necessary to see beneficial changes in lipid profile

in healthy subjects. However, the ratio of HDL-cholesterol:

LDL-cholesterol is generally considered more indicative of

risk of CVD than total cholesterol levels, with a higher

ratio reducing the risk of atherosclerotic heart disease [4].

As HDL-cholesterol increased significantly in our subjects

receiving seal oil supplement, their corresponding HDL-

cholesterol: LDL-cholesterol ratios must have shifted

favourably.

Elevated triacylglycerols are a risk factor for CVD, and

the seal oil supplementation induced a significant reduction

in triacylglycerols. This agrees with some other findings in

healthy subjects investigating seal oil [12, 47], but not all

[29]. Intriguingly, combined seal oil/cod liver oil treatment

reportedly decreased subject triacylglycerol levels where

pure seal oil or cod liver oil did not [45], even at almost three

times the dose of this study. The same modest seal oil dose

as we have described, given over 6 weeks, also resulted in a

significant decrease in plasma triacylglycerols as well as a

significant improvement in blood pressure in hypertrigly-

ceridaemic subjects, without a change in HDL-cholesterol

[48]. In the present work, tuna-fish oil supplementation

caused a non-significant (P = 0.06) decrease in triacylgly-

cerols. The seal oil and fish oil both supplied approximately

1 g/day LC n-3 PUFA to the healthy volunteers, so the

higher levels of DPA and/or of EPA in seal oil may be

responsible for its greater effect on HDL-cholesterol and

triacylglycerol levels. Buckley et al. [43] found a decrease in

triacylglycerols in healthy subjects with DHA-rich but not

EPA-rich oil supplementation. The DHA-rich oil they used

contained six times the amount of DPA as the EPA-rich oil,

which adds support to our speculation that DPA rather than

EPA is the component in the (low-DHA) seal oil active in

reducing triacylglycerol levels. Proposed mechanisms for

decreases in triacylglycerol with LC n-3 PUFA involve

chylomicron triacylglycerol clearance [49] and reduced

absorption and synthesis of hepatic triacylglycerols and

their increased catabolism [50]. Animal studies have spe-

cifically indicated that DPA may decrease triacylglycerols

through a decrease in fatty acid synthesis [51].
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Levels of inflammation, as indicated by CRP in this

healthy volunteer population, were not significantly chan-

ged by any of the supplementary oils, an outcome shared

by other studies [52]. However, recent work with high

sensitivity-CRP showed a negative correlation between this

surrogate marker of CVD risk and plasma total n-3 FA

levels, as well as plasma EPA and DPA levels, in a larger

subject population [53].

In conclusion, DPA in a low-dose seal oil supplement

appeared to induce changes protective of cardiovascular

health in healthy subjects. This relatively little-investigated

LC n-3 PUFA appears to have acted (alone or with EPA) to

depress platelet activation at the same time as it increased

serum HDL-cholesterol and decreased triacylglycerol lev-

els. The beneficial effects of the seal oil supplementation

were greater than those of tuna-fish oil, which contained a

similar amount of total LC n-3 PUFA but much more

DHA, less EPA, and minimal DPA. Our results suggest

that DPA, either directly or through retroconversion to

EPA, may be more efficient at reducing some CVD risk

factors than DHA. Larger and perhaps longer controlled

studies, ideally using purified EPA, DPA and DHA in

isolation, are needed to determine the mechanisms of DPA

effects on platelet function particularly at different dosages

in comparison with those of EPA and DHA. In the interim,

this study suggests that seal oil may already be of use in

modified foods, as a prophylactic for healthy individuals or

as an aid to treatment for those with CVD or thrombosis.

The current findings also have implications for consumers

favouring meat over fish meals, as it appears that lean red

meat, cooked appropriately using unsaturated fats, could

provide beneficial amounts of DPA and EPA, without

compromising cardiovascular health.
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Abstract The n-6/n-3 fatty acid (FA) ratio has increased

in the Western-style diet to *10–15:1 during the last

century, which may have contributed to the rise in car-

diovascular disease (CVD). Prior studies have evaluated

the effects on CVD risk factors of manipulating the levels

of n-6 and n-3 FA using food and supplements or

investigated the metabolic fate of linoleic acid (LNA) and

a-linolenic acid (ALA) by varying the n-6/n-3 ratios.

However, no previous studies have investigated the

potential interaction between diet ratios and supplemen-

tation with eicosapentaenoic acid (EPA, 20:5n-3) and

docosahexaenoic acid (DHA, 22:6n-3). We used a facto-

rial design approach with adults (n = 24) in a controlled

feeding trial to compare the accretion of EPA and DHA

into red blood cell membranes (RBC) by adding a direct

source (algal oil supplement) of EPA and DHA in a diet

with a 10:1 versus 2:1 ratio of n-6/n-3 FA. Subjects were

randomized into 8-week crossover diet sequences and

each subject consumed three of four diets [10:1, 10:1 plus

supplement (10:1 ? S), 2:1 and 2:1 ? S]. LNA and ALA

intakes were 9.4 and 7.7%, and 1.0 and 3.0% during the

low and high ALA diets, respectively. Compared to the

Western-style 10:1 diet, the 2:1 diet increased EPA by

60% (P \ 0.0001) in RBC membranes without the direct

EPA source and a 34% increase (P = 0.027) was

observed with the 10:1 ? S diet; however, DHA levels

increased in both diet ratios only with a direct DHA

source. Shifting towards a 2:1 diet is a valid alternative to

taking EPA-containing supplements.

Keywords n-3 Fatty acids � n-6 Fatty acids �
Docosahexaenoic acid � Fish oil � Fatty acid modifications �
Algal lipids � Adult � Human
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Introduction

The intake of n-3 fatty acids (FA) is associated with

beneficial effects in the context of brain and visual devel-

opment [1, 2], carcinogenesis [3], and modification of

cardiovascular disease (CVD) risk [4–7]. More specifically,

daily consumption of n-3 FA produces favorable effects on

plasma lipids, eicosanoid metabolism, inflammatory

markers, platelet aggregability, hemostasis, and, myocar-

dial function [8].

The n-3 FA, eicosapentaenoic acid (EPA; 20:5n-3),

docosahexaenoic acid (DHA; 22:6n-3) and a-linolenic acid

(ALA; 18:3n-3) contribute only a small fraction of the total

daily intake of FA in Western societies [9, 10]. Oily fish

and fish-oil supplements are rich sources of EPA and DHA,

the latter typically containing 30–50% n-3 FA by weight

[11]. EPA and DHA are also naturally found in dispro-

portionately low levels compared to saturated fat in animal

tissue lipids (e.g. beef, pork, poultry, etc.), however they

contribute to the overall intake because of the large

amounts consumed by omnivores in Western societies [11].

Specific vegetable oils such as flax seed, canola and soy-

bean oil and walnuts are rich sources of the essential n-3

FA ALA in contrast to n-6 rich oils such as corn, safflower

and sunflower that contain only trace levels of ALA [12].

The typical Western-style diet has a n-6/n-3 ratio of

approximately 10–15:1 as it features foods rich in corn,

safflower and sunflower oil, and, contains scant sources

of n-3 FA. Alternatively, the Mediterranean-style diet has a

n-6/n-3 ratio of 2:1 as the main fats are monounsaturated

n-9 FA coming from the ubiquitous olive oil [13].

Numerous studies have evaluated the effects of manip-

ulating the absolute levels of n-6 and n-3 FA using fish, fish

oil capsules, walnuts, algal oil capsules and flax seed oil

[14–18]. Others have investigated the metabolic fate of

LNA and ALA in the context of varying the n-6/n-3 ratios

[19]. It is interesting that it is still unclear whether the

addition of direct sources of EPA and DHA in the context

of a diet with a high (10:1) versus low (2:1) ratio of n-6/n-3

FA yields increased levels of EPA and DHA in red blood

cell (RBC) membranes. For example, if an individual

consumes a 2:1 diet, does adding a supplement (fish or

algal oil) containing EPA and DHA increase these FA in

RBC membranes? Or, if an individual follows a Western

style 10:1 diet, will they accrue EPA and DHA in RBC

membranes while taking a supplement containing EPA and

DHA? When evaluating the biological equivalency of ALA

with that of EPA and DHA, it appears that the limiting

factor may be the membrane saturation with these long

chain n-3 FA. Increasing the absolute amount of ALA or

decreasing the n-6/n-3 ratio to 4:1 appears to be inadequate

for reaching desirable DHA levels that are achieved when a

direct source of DHA is consumed. However, several

practical issues remain unresolved and our present study

revisits the two aforementioned questions using a novel

approach. More specifically, would RBC membrane levels

of EPA and DHA increase when the n-6/n-3 ratio is further

reduced to 2:1, or does an individual still need to add a

direct source of these FA to a Mediterranean-type diet?

Additionally, would consuming a Western-style 10:1 diet

ensure increased levels of EPA and DHA in RBC mem-

branes as long as a direct source of these FA is included?

To address these two specific questions, we designed a

trial using a factorial design approach in healthy adults to

evaluate RBC membrane changes due to the consumption

of a 10:1 versus 2:1 diet alone, and, changes resulting from

consumption of a 10:1 versus 2:1 diet plus EPA/DHA

supplement. This trial allows for the further evaluation of a

potential interaction between the diet ratio and supplement.

Materials and Methods

Volunteers

Eligibility criteria included nonsmoking men and

women, 20–70 years of age, body mass index (BMI) below

34.9 kg/m2, and not known to have food allergies, hyper-

lipidemia, glucose intolerance, diabetes or any chronic dis-

ease likely to affect lipid metabolism, or to consume any fish,

FA supplement or medications that would interfere with the

study outcomes. A multi-stage participant screening process

was employed that included a web-based screening ques-

tionnaire, informational group meeting, personal interview

with two senior investigators and a preliminary blood test to

rule out severe hyperlipidemia. Fasting blood lipid tests were

performed spectrophotometrically by the Loma Linda Uni-

versity Medical Center clinical laboratory on a Roche

Modular Analytics analyzer using a P800 module. Total

cholesterol and triglyceride (TG) assays were evaluated

using standard enzymatic methods. High density lipoprotein

(HDL) cholesterol was evaluated using polyethylene (PEG)

modified enzymes and dextran sulfate to provide selective

catalytic activity toward the lipoprotein fractions. Low

density lipoprotein (LDL) cholesterol was evaluated using a

nonionic detergent combined with a sugar compound to

selectively solubilize the lipid micelles to react with the

enzymatic cholesterol reagents. Potential subjects were

excluded if their plasma total cholesterol was[7.76 mmol/l

and plasma TG was [3.33 mmol/l. Twenty-eight subjects

were enrolled and 24 completed the study. The study was

approved by the Loma Linda University Institutional

Review Board. Informed written consent was obtained from

all subjects.
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Study Design

This was a controlled, factorial design, single blind, ran-

domized, 4 9 3 incomplete cross-over study to evaluate

the incorporation of EPA and DHA into RBC membranes

from consumption of diets enriched with two different

sources of n-3 FA in the background of two n-6/n-3 diet

ratios. Subjects consumed a diet containing 30–35% energy

from fat during a 1-week pre-study phase. Baseline data

was collected at the end of this phase and subjects were

then randomized to one of the multiple crossover diet

sequences in which each subject consumed three of four

study diets [10:1, 10:1 plus supplement (10:1 ? S), 2:1 and

2:1 plus supplement (2:1 ? S)] (Fig. 1). The 3 8-week

study periods and 4 diets yielded 24 treatment sequences.

All 24 subjects completed one sequence to achieve a bal-

ance for carry-over and period effect, which resulted in 18

subjects per group. There was a 4 to 6-week wash-out

period between the dietary intervention periods.

The four study diets were defined by their EPA/DHA

content and n-6/n-3 ratios (10:1 and 2:1; Table 1). The 10:1

‘‘control’’ diet was low in both ALA and EPA/DHA and

had a ratio approaching that of the American diet. The 2:1

diet was high in ALA-containing plant sources (*8 g

ALA/2,400 kcal/day) and low in EPA/DHA. The 10:1 ? S

diet was high in EPA/DHA (0.20/0.72 g EPA/DHA per

2,400 kcal/day) and low in ALA-containing plant sources.

Globally declining fish stocks and post-Kyoto awareness of

the size of the human footprint have placed interest in

finding alternative sources of n-3 FA that are readily

available in large quantities and are renewable [20]. Thus,

the high content of EPA/DHA was achieved by supple-

menting the diet with algal oil capsules (V-Pure�, Water 4

Investments, United Kingdom), which were administered

proportional to a subject’s isocaloric requirements (1 cap-

sule per 300 kcal; 1 capsule contains 25 mg EPA and

90 mg DHA). The dose was selected based upon the

American Heart Association’s recommendation that per-

sons consume between 650 and 1,000 mg of EPA ? DHA

daily [21]. The FA concentrations in the V-Pure� capsules

were verified by �Lipomics Technologies, Inc. using

TrueMass� Total Lipid Analysis procedures that have been

previously described [22]. The 2:1 ? S diet was high in

both ALA and EPA/DHA and was achieved by incorpo-

rating ALA-containing plant sources and the algal oil

capsules.

Menus were designed for seven levels of energy intake,

ranging from 1,500 to 3,300 kcal/day to accommodate the

eucaloric requirements of the subjects. Daily energy intake

was adjusted when necessary to maintain a stable body

weight. The diets were in accordance with the ‘‘Acceptable

Macronutrient Distribution Ranges’’ of the Dietary Refer-

ence Intakes for adults [23] and the recommendations of

the 2005 Dietary Guidelines for Americans [24]. The target

macronutrient distribution as percent energy was approxi-

mately 55–60% carbohydrate, 10–15% protein, 30–35%

total fat, \10% saturated FA (SFA), 7–10% polyunsatu-

rated FA (PUFA), 10–15% monounsaturated FA (MUFA),

and, dietary cholesterol was less than 300 mg/day. Total

trans FA content of the diet was \1% due to their known

interference with the desaturation and elongation of both

LNA and ALA.

Diet
10:1 2:1

• No micro algae oil supplement

10:1 Diet

• ~2g ALA per 2400 kcal/d

• <0.05 EPA/DHA per 2400 kcal/d

• No micro algae oil supplement

2:1 Diet

• Flaxseed oil and walnuts incorporated 

into recipes

• 6-7g flaxseed oil per 2400 kcal/d

• ~8g ALA per 2400 kcal/d

• <0.05 EPA/DHA per 2400 kcal/d

(10:1 Diet + Supplement)

10:1+S 

• Micro algae oil supplement

• ~2g ALA per 2400 kcal/d

• 0.20/0.72 g EPA/DHA per 2400 kcal/d

(2:1 Diet + Supplement

2:1+S

• Micro algae oil supplement

)

• Flaxseed oil and walnuts incorporated 

into recipes

• 6-7g flaxseed oil per 2400 kcal/d

• ~8g ALA per 2400 kcal/d

• 0.20/0.72 g EPA/DHA per 2400 

kcal/d

Su
pp

le
m

en
t

No

Yes

Fig. 1 Experimental dietary interventions for the 2 9 2 factorial

design

Table 1 Planned nutrient analysis (Nutrition Data System for

Research software version 2006, Nutrition Coordinating Center,

University of Minnesota, Minneapolis, MN) and actual nutrient

composition (Analyzed at Covance Laboratories, Madison, WI) of the

10:1 and 2:1 diets for the 2400 kcal (1 kilocalorie = 4.184 kJ) menu

Nutrient 10:1 diets 2:1 diets

Planned Actual Planned Actual

Energy, kcal 2,372 2,556 2,384 2,568

Carbohydrate, % energya 61 60 61 60

Protein, % energy 11 12 11 12

Fat, % energy 31 28 30 28

SFA, % energy 9 8 8 7

MUFA, % energy 10 8 10 9

PUFA, % energy 10 10 10 10

Trans FA, % energy \1 \1 \1 \1

18:2n-6, g 22.9 26.6 17.2 21.9

18:3n-3, g 2.2 2.9 8.2 8.6

n-6/n-3 diet ratio 10.2 9.3 2.1 2.5

a Carbohydrate is calculated by subtracting the values for fat and

protein intake from total energy intake

Lipids (2010) 45:683–692 685
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Participants were requested to maintain their usual

lifestyle activities and to record in diaries provided to them

any signs of illness, medications used, and any deviation

from their current assigned diet.

Food Development and Preparation

Using commonly available food items, the research dieti-

tian developed 11 meatless daily menus (including

2 weekends) using Nutrition Data System for Research

software version 2006, developed by the Nutrition Coor-

dinating Center, University of Minnesota, Minneapolis,

MN. The 10:1 and 2:1 diets differed in the proportion and

type of oils that were added to dinner entrees or that were

constituents of salad dressings, baked goods, margarine and

fried snacks (e.g. chips). More specifically, the 10:1 diets

included a high proportion of corn oil and a lesser amount

of soybean oil in contrast to the 2:1 diets that incorporated

clear flax seed (Barlean’s Organic Oils, Edmonds, WA),

canola and soybean oil. Also, the 10:1 diets included

peanut butter whereas the 2:1 diets featured walnuts.

Sunday through Friday, all foods were prepared in the

University Metabolic Kitchen and individually weighed or

apportioned for each subject, and, dinner was consumed in

a private dining area. Breakfast, lunch and snacks for the

following day were provided to the subjects after con-

sumption of the dinner meal, which were consumed by the

subjects on the following day. On Fridays, foods were

provided for all Saturday meals and Sunday breakfast and

lunch.

Quality Control and Dietary Compliance

Menu quality control was assessed by collecting duplicate

food samples of the 11 menus on randomly selected days

during each study period. The samples were homogenized

and a 2% aliquot from each menu was kept frozen at

-80 �C until chemically analyzed (Covance Laboratories,

Madison, WI) for comparison with the computer analysis.

Subject deviations from the study protocol were not

tolerated. Monitoring of dietary compliance was achieved

by direct observation during the dinner meal by a senior

investigator and by periodic examination of the subject’s

diaries.

Biological Data Collection and Assays

Venous blood was collected after an overnight 12-h fast at

the start of each study period and on two non-consecutive

days during week 8 for each study period. Plasma and

serum were separated by centrifugation at 4 �C at 1,3009g

for 10 min and made into aliquots and frozen at -80 �C

until analyzed. FA composition of the RBC membrane was

determined (Lipomics Inc., Sacramento, CA) at the end of

each treatment using methods previously described [22].

Briefly, individual lipid classes were separated by pre-

parative thin-layer chromatography and each lipid fraction

was trans-esterified in 3 N methanolic HCL in a sealed vial

under a nitrogen atmosphere at 100 �C for 45 min. The

resulting FA methyl esters were extracted from the mixture

with hexane containing 0.05% butylated hydroxytoluene

and analyzed using a gas chromatograph (Hewlett-Packard

model 6890, Wilmington, DE) equipped with a 30 m DB-

225MS capillary column (J&W Scientific, Folsom, CA)

and a flame-ionization detector as described previously

[22]. All samples were analyzed in duplicate.

Statistical Analyses

A mixed model was used to compare effects of diet on the

FA. The model included experimental diet (10:1, 10:1 ? S,

2:1, 2:1 ? S) and study period (1, 2, 3) as factors, and,

controlled for baseline measurements, age and gender.

Blocks of sequence, subjects nested within blocks, and study

period 9 subject nested within blocks were also added into

the model as random effects. The Kenward-Roger method

was employed to estimate denominator degrees of freedom

for tests of fixed effects. Tukey–Kramer Honestly Signifi-

cantly Different (HSD) tests were performed to detect sig-

nificant pair-wise differences among the four diets. A

factorial design approach was also used to test the effect of

the diet ratio, the supplement and for potential interaction

between the diet ratio and supplement. All statistical anal-

yses were performed using Statistical Analysis System

software (version 9.1, SAS Institute Inc., Cary, NC).

Significance was determined at P \ 0.05.

Results

Characteristics of Study Subjects

Demographic and biological characteristics at baseline are

shown in Table 2.

Dietary FA Intakes

During the three study periods, the mean fat intake from all

food sources in both the 10:1 and 2:1 diets was 28% of total

energy (Table 1). Mean carbohydrate and protein intake

were equivalent, as well as SFA, MUFA, PUFA and trans

FA. Flax seed oil and walnuts were substituted for high

LNA oil in food preparation of the low LNA diets, which

yielded a three to fourfold greater level of ALA and

resulting n-6/n-3 ratio of 2.5:1 in contrast to a 9.3:1 ratio

for the high LNA diets.
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Change in Participants’ RBC Membrane FA

Composition

The RBC membrane levels (mol%) of total SFA, MUFA,

PUFA and specific n-6 and n-3 FA, and the ratios of ara-

chidonic acid (20:4n-6) to dihomogamma linolenic acid

(20:3n-6) (ARA:DGLA), ARA:EPA and DHA to docosa-

pentaenoic acid DPA(n-3) after consuming the high and

low n-6/n-3 diets with and without the algal oil supplement

for 8 weeks were measured (Table 3). Neither the n-6/n-3

ratio of the diets nor the intake of the algal oil supplement

affected the total levels of SFA, MUFA and PUFA after

8 weeks. The absolute levels of ALA, EPA, DHA and

DPA(n-3) are shown in Fig. 2. LNA levels did not differ

after the 8 week diet interventions, in contrast to the levels

of ALA (Fig. 2a) that showed an expected increase in the

2:1 (0.52 ± 0.02) and 2:1 ? S (0.44 ± 0.02) diets as

compared to the 10:1 and 10:1 ? S diets (P \ 0.0001). All

of the subjects showed an increase in ALA levels after

consuming the 2:1 and 2:1 ? S diets, hence reflecting the

diet composition and serving as a biological marker of each

subject’s compliance. Compared to the 10:1 diet, the EPA

(Fig. 2b) level after consumption of the 10:1 ? S, 2:1 and

2:1 ? S diets increased and were 0.60 ± 0.04 (P = 0.02),

0.71 ± 0.04 and 0.86 ± 0.04 (P \ 0.0001), respectively.

Notably, DHA (Fig. 2c) levels increased for the 10:1 ? S

(P \ 0.001) and 2:1 ? S (P \ 0.01) diets while the DHA

levels in the 10:1 and 2:1 diets were equivalently lower.

DPA(n-6) and ARA levels did not differ for the 4 dietary

interventions. An increase in DPA(n-3; Fig. 2d) was found

for the 2:1 diet (2.77 ± 0.12, P = 0.019) compared to the

10:1, 10:1 ? S and 2:1 ? S diets. In contrast to the 10:1

diet, DGLA levels decreased for the 10:1 ? S and 2:1 ? S

diets, 1.43 ± 0.07 (P = 0.04) and 1.34 ± 0.07 (P \ 0.01)

respectively, however the ARA:DGLA ratio was equiva-

lent for all 4 diets. The ARA:EPA ratio was lower in the

10:1 diet compared to the 10:1 ? S, 2:1 and 2:1 ? S diets,

22.00 ± 1.93 (P = 0.002), 18.25 ± 1.93 (P \ 0.0001) and

15.59 ± 1.93 (P \ 0.0001), respectively. Lastly, the

EPA:ALA and the DHA:DPA(n-3) ratios were higher in

the 10:1 ? S diet, 3.52 ± 0.21 (P \ 0.001) and

2.66 ± 0.16 (P = 0.001) respectively, in contrast to simi-

lar levels for the 10:1, 2:1 and 2:1 ? S diets.

The factorial analysis for the diet effect (10:1 diet versus

2:1 diet) showed that the ARA level (P = 0.037) and the

ratios for ARA:EPA (P \ 0.001), EPA:ALA (P \ 0.001)

and DHA:DPA(n-3) (P = 0.019) were lower in contrast to

the ALA (P \ 0.001), EPA (P \ 0.001), DPA(n-3)

(P = 0.003) levels that were higher in the 2:1 diet

(Table 4). The factorial analysis for the supplement effect

(10:1 diet versus 10:1 ? S diet) showed that the DGLA

(P \ 0.001), ALA (P = 0.046) and DPA(n-3) (P = 0.007)

levels and the ARA:EPA ratio (P = 0.001) decreased in

the 10:1 ? S diet, and, the EPA and DHA levels and the

ratios for EPA:ALA and DHA:DPA(n-3) increased (all

P \ 0.001). A negative interaction was found for the

ARA:EPA (P = 0.048) and EPA:ALA (P = 0.026) ratios,

which indicates that the combined effect was less than the

sum of the separate diet effect and supplement effect.

Discussion

This controlled feeding study demonstrates that using flax

seed oil and walnuts in the diets of healthy adult men and

women to achieve a n-6/n-3 ratio of *2:1 yields increased

levels of EPA in RBC membranes without the use of a

direct EPA source; however, DHA levels do not increase.

Also, adding an algal oil capsule containing EPA and DHA

to a n-6/n-3 ratio of 10:1 increases the levels of both EPA

and DHA in RBC membranes. This study was also

designed to test the interaction between an algal oil sup-

plement in the context of an n-6/n-3 ratio of 10:1 that is

found in Western societies versus a 2:1 ratio that approa-

ches the traditional Mediterranean-style diet. To prepare

the 2:1 and 2:1 ? S diets, we incorporated flax seed oil and

walnuts into the recipes and provided 3.0% in contrast to

1.0% dietary energy from ALA in the 10:1 and 10:1 ? S

diets. An intake of 3% energy from ALA is approximately

Table 2 Characteristics of study subjects at baseline

Characteristic n = 24

Age (years) 42 ± 3

Gender

Female 15 (62)

Male 9 (38)

Race

Caucasian 16 (67)

Hispanic 4 (17)

African American 1 (4)

Asian 3 (12)

Weight (kg) 75.6 ± 14.5

BMI (kg/m2) 25.4 ± 4.3

Plasma lipids, mg/dla

Total cholesterol 165 ± 48

LDL cholesterol 102 ± 41

HDL cholesterol 47 ± 14

TG 102 ± 56

Systolic blood pressure (mm Hg) 123 ± 16

Diastolic blood pressure (mm Hg) 74 ± 11

Data are means ± SD or n (%)
a To obtain mmol/l values for LDL cholesterol and HDL cholesterol,

multiply values by 0.0259; and for TG, multiply values by 0.0113
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6 times the current mean ALA intake in the US diet [23]. In

the context of the background diets, we provided LNA

intakes of 9.4 and 7.7% total energy for the 10:1 and 2:1

diets, respectively, and did not induce higher levels of

ARA. Liou et al. [19] have similarly reported that an intake

of 10.5% energy from LNA with a n-6/n-3 ratio of 10:1

resulted in lower plasma phospholipids levels of EPA but

did not induce higher levels of ARA when compared to an

intake of 3.8% from LNA with a n-6/n-3 ratio of 4:1 in the

context of an omnivorous diet. The 8 weeks of algal oil

supplementation in this current study yielded a range of

575–1,265 mg/day of EPA plus DHA across the 1,500–

3,300 kcal/day menus, yet the ARA levels in the RBC

membranes were not changed. Alternatively, Arterburn

et al. [25] compared the effects of supplementation with

EPA and DHA on plasma FA and found a reduction in

ARA levels. A possible explanation for our unexpected

findings is that the V-Pure� supplement that we used

contained 2.3 mol% of ARA, which may have masked a

reduction in ARA levels.

Both n-6 and n-3 FA are known to compete for common

enzymes in the synthesis of FA [26]. Ratios of substrates

Table 3 Red blood cell membrane fatty acid composition at the end of each diet intervention

Fatty acid, mol% 10:1 diet (LSM ± SE) 2:1 diet (LSM ± SE) 10:1 ? S diet (LSM ± SE) 2:1 ? S diet (LSM ± SE)

RSFA 45.66 ± 0.24 45.31 ± 0.24 45.86 ± 0.24 45.50 ± 0.24

RMUFA 16.62 ± 0.28 16.62 ± 0.28 16.21 ± 0.28 16.62 ± 0.28

RPUFA 37.72 ± 0.34 38.13 ± 0.33 37.85 ± 0.34 37.91 ± 0.34

18:2n-6, LNA 12.40 ± 0.20 12.23 ± 0.20 11.80 ± 0.20 12.15 ± 0.20

20:3n-6, DGLA 1.66 ± 0.07c,d 1.54 ± 0.07 1.43 ± 0.07a 1.34 ± 0.07a

20:4n-6, ARA 12.84 ± 0.26 12.22 ± 0.26 12.38 ± 0.26 11.89 ± 0.26

22:5n-6, DPA(n-6) 0.47 ± 0.02 0.43 ± 0.02 0.45 ± 0.02 0.43 ± 0.02

18:3n-3, ALA 0.22 ± 0.02b,d 0.52 ± 0.02a,c 0.19 ± 0.02b,d 0.44 ± 0.02a,b,c

20:5n-3, EPA 0.44 ± 0.04b,d 0.71 ± 0.04a,d 0.60 ± 0.04d 0.86 ± 0.04a,c

22:5n-3, DPA(n-3) 2.35 ± 0.12b 2.77 ± 0.12a,b,d 2.19 ± 0.12c 2.38 ± 0.12b

22:6n-3, DHA 3.92 ± 0.26c,d 3.85 ± 0.26c,d 5.54 ± 0.26a,b 5.15 ± 0.26a,b

Values within a row with different superscript letters are significantly different from 10:1 (a), 2:1 (b), 10:1 ? S (c) or 2:1 ? S (d), P \ 0.05

(ANOVA, with Tukey–Kramer HSD adjustments)

Fig. 2 Levels of fatty acids in

red blood cell membranes
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and products are somewhat useful in evaluating potential

major points of regulation in the stepwise conversion of

LNA to both ARA and DPA(n-6), and, conversion of ALA

to both EPA and DHA. LNA and ALA are both substrates

for microsomal D6 desaturase (D6D); however there is an

approximately two- to three-fold affinity of D6D for ALA

[27]. Synthesis of DHA and 22:5n-6 from the 24 carbon FA

(24:5n-3 and 24:4n-6) is also dependent on D6D, which

provides a second opportunity for competition between

substrates and the preferential entry of FA into cell mem-

branes [28]. The resulting cell membrane composition from

this competition has profound effects on eicosanoid

metabolism, inflammatory markers, platelet aggregability,

hemostasis, and, myocardial function [29–31].

The highest increase in EPA (94%) in RBC membranes

was found after consumption of the 2:1 ? S diet, which

was expected as a result of providing both a direct source

of EPA from the algal oil supplement and the metabolic

conversion of ALA to EPA. Notably, the 60% increase in

EPA levels after consumption of the 2:1 diet using flax

seed oil and walnuts was not significantly different to the

34% increase found after consumption of the 10:1 ? S

diet, which implies that an adequate conversion from ALA

to EPA occurs when a n-6/n-3 ratio of 2:1 exists. The

ARA:DGLA ratio in the RBC membranes was not different

between the 4 diets indicating that the step catalyzed by D5

desaturase (D5D) in the LNA pathway is not a limiting

factor in the context of converting ALA to EPA providing

that adequate ALA substrate is available.

Cell culture studies [28] support the hypothesis that high

dietary consumption of LNA interferes with the desatura-

tion of ALA due to competition for D6D between LNA and

ALA, thus yielding increased levels of ARA and reduced

levels of EPA and DHA. Our findings are consistent with

this hypothesis as we demonstrated that the ARA:EPA ratio

in the RBC membranes was lower for the 10:1 ? S, 2:1

and 2:1 ? S diets compared to the 10:1 diet in the context

of similar ARA levels among the four dietary treatments.

Consistent with the results of our study, Liou et al. [19]

found that manipulating LNA-containing vegetable oils

and keeping ALA constant to produce a 8.2:1 diet ratio

decreased plasma phospholipid EPA levels, increased the

ARA:EPA ratio, and, did not favor higher ARA levels after

4 weeks in healthy adult male omnivores as compared to a

2.1:1 diet ratio. When the conversion from ALA to EPA

occurs, the conversion of DGLA to ARA is competitively

inhibited and yields reduced amounts of ARA. Thus, the

high ARA:EPA ratio observed in our 10:1 diet was due to

the lack of a direct source of EPA and minimal availability

of ALA for conversion to EPA.

Docosahexaenoic acid levels significantly increased by

41% in the RBC membranes after consumption of the

10:1 ? S diet and 31% in the 2:1 ? S diet as compared to

the non supplemented 10:1 and 2:1 diets. Cell culture

studies have shown that the accretion of DHA in cells

supplemented with DHA is a result of incorporation of the

direct DHA source as compared to the net effect of DHA

synthesis via metabolic pathways and incorporation into

cells supplemented with ALA [28]. The limited accretion

of DHA derived from ALA in our study suggests that DHA

synthesis from ALA is tightly regulated and relies upon the

second D6D step, which is also used to convert ALA to

18:4n-3. Hence, there is the potential competition for D6D

between ALA and 24:5n-3, and, ALA is the preferred

substrate that saturates D6D leaving the conversion of

24:5n-3 to DHA compromised. It has also been shown that

the elongase-2 (Elo-2) which converts 22:5n-3 to 24:5n-3

may be the limiting step in the synthesis of DHA from

ALA [32]. The enzyme Elo-2 is subject to genetic control

[33] and exhibits tissue specific expression [34]. Thus, the

Table 4 Factorial analysis for

red blood cell membrane fatty

acid composition at the end of

each diet intervention

Values are LSM (SE)

* P \ 0.05; ** P \ 0.01;

*** P \ 0.001

Fatty acid Diet effect

(10:1 diet vs. 2:1 diet)

Supplement

effect

Interaction

18:2n-6, LNA -0.17 (0.25) -0.60 (0.25) None

22:5n-6, DPA(n-6) -0.04 (0.03) -0.02 (0.03) None

20:4n-6, ARA -0.62 (0.37)* -0.46 (0.37) None

20:3n-6, DGLA -0.12 (0.08) -0.23 (0.08)*** None

18:3n-3, ALA ?0.30 (0.04)*** -0.03 (0.04)* None

20:5n-3, EPA ?0.27 (0.05)*** ?0.15 (0.05)*** None

22:6n-3, DHA -0.06 (0.37) ?1.62 (0.37)*** None

22:5n-3, DPA(n-3) ?0.42 (0.14)** -0.16 (0.14)** None

ARA:DGLA ?0.22 (0.70) ?0.92 (0.70) None

ARA:EPA -13.89 (2.61)*** -10.14 (2.61)** Negative

EPA:ALA -0.61 (0.28)*** ?1.35 (0.28)*** Negative

DHA:DPA(n-3) -0.33 (0.22)* ?0.87 (0.22)*** None
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incorporation of DHA into the RBC membrane, although a

good marker for dietary compliance, may not fully reflect

the conversion of ALA to DHA in different tissues.

Consistent with our findings, Arterman et al. [16]

demonstrated significant and equivalent increases in DHA

in plasma phospholipids and erythrocytes from salmon

intake or algal oil capsules in healthy adults. Also, Innis

et al. [18] found a 50% increase in plasma DHA levels in

healthy adults consuming an ARA (0.8 g/day) enriched

fungal oil and a microalgal oil containing DHA (0.6 g/day)

using a ARA:DHA diet ratio of 1.25:1 after 14 days. We

found that when the n-6/n-3 ratio was altered to 2:1, or if

we increased the absolute amount of ALA, this conversion

was inefficient. In contrast, Goyens et al. [35] provided a

7:1 ratio omnivorous diet (7% energy from LNA and 1.1%

energy from ALA) to 30 Dutch adults and found an

increase in the absolute amount of DHA synthesized from

ALA compared to a control diet [19:1 diet ratio; 7% energy

from LNA and 0.4% energy from ALA] or low LNA diet

[7:1 diet ratio; 3% energy from LNA and 0.4% energy from

ALA]. However, there were no differences in percent DHA

incorporated in the plasma phospholipids among the dif-

ferent diets in this study.

Investigating the ratio of DHA:DPA(n-3) may further an

explanation of our study’s DHA findings. There is no

known physiological function for DPA(n-3), which is the

intermediate FA produced by elongation of EPA prior to

desaturation by the D4 desaturase (D4D) enzyme. The

DHA:DPA(n-3) ratio was found to be similarly low after

consumption of the 10:1 and 2:1 diets compared to the

algal oil supplemented 10:1 ? S and 2:1 ? S diets.

The lower ratios noted in the 10:1 and 2:1 diets are due to

the high DPA(n-3) and low DHA levels in these diets. The

significantly higher ratios found in the 10:1 ? S and

2:1 ? S diets suggests that providing a direct source of

DHA is more influential than the n-6/n-3 ratio for suc-

cessful accretion of DHA into RBC membranes.

Barcelo et al. [16] found that an intake of 2.4 g flax seed

oil/day produced significant increases in ALA, EPA and

DPA(n-3) compared to fish oil which produced only sig-

nificant increases in EPA and DHA. Consistent to these

findings, we demonstrated the highest increase in DPA

(n-3) in the RBC membrane after consumption of the 2:1

diet indicating adequate conversion from EPA. The

DPA(n-3) in the RBC membranes after consumption of the

10:1 ? S diet and the 2:1 ? S diet was similar to that of

the 10:1 diet and significantly lower than the 2:1 diet.

These findings suggest that DPA(n-3) levels may increase

only as a means to produce DHA, and when a direct DHA

source is provided DPA(n-3) may not be required.

Also, Arterman et al. [15] found that levels of EPA and

DPA(n-3) increased in plasma phospholipids and erythro-

cytes in a group of subjects consuming salmon (which

contains EPA) versus a group of subjects consuming an

algal oil supplement as the sole source of DHA. An addi-

tional explanation for these aforementioned findings may

be that a retro-inhibition by DHA and/or EPA of desaturase

activities occurs in the pathway leading to the synthesis of

ARA from LNA, which has been consistently shown in cell

culture studies using rats fed fish oil containing EPA and

DHA [36, 37].

Our crossover feeding study had several strengths. The

8 week study periods and 4–6 week washout periods were

of sufficient duration to assess changes in RBC membranes

resulting from dietary manipulation of the n-6/n-3 ratio

and/or absolute amount of EPA/DHA. By varying the type

of oils, we achieved a greater extreme of ratios compared

to prior investigations. Others have tested the effects of

ratios further from these extremes or have kept only LNA

or ALA constant. Our factorial design approach allowed us

to test for interactions between the diet ratios and algal oil

supplement. Additionally, the increase in ALA level

observed in all of the subjects consuming the 2:1 and

2:1 ? S diets served as a biomarker of excellent dietary

compliance. Lastly, the background diet was meatless,

which allowed us to evaluate the substrate and product

ratios of solely plant-derived sources of ALA.

In conclusion, our study indicates that providing a diet

with 3% energy from ALA and a n-6/n-3 diet ratio of 2:1

yields significantly higher EPA levels in RBC membranes

and a 43% lower ARA:EPA ratio compared to a 10:1 diet.

Use of a direct algal oil source of EPA/DHA yields

significantly higher levels of EPA and DHA in persons

consuming a Western-style 10:1 diet as well as a Medi-

terranean-style 2:1 diet. Many Western-style diets contain

n-6/n-3 ratios in excess of 10:1, however a ratio of 4:1 or

lower has been recommended for optimal health-promoting

effects [38–40]. In practice, a 4:1 ratio is difficult to

achieve as most people are reluctant to include several

servings of oily fish in their diets weekly or take multiple

fish oil capsules daily [12]. We showed that reducing LNA-

rich oils and incorporating ALA-rich plant sources (flax-

seed oil and walnuts) in recipes achieved an n-6/n-3 ratio

potentially conducive to improved health outcomes and is

sufficient to meet the EPA needs of individuals adhering to

a vegetarian or meatless diet. The requirement for D6D by

both ALA and 24:5n-3 and differences in tissue specific

expression of Elo-2 may influence the ability of RBC

membranes to accumulate significant levels of DHA, which

has implications for vegetarians, vegans, and persons

unable or unwilling to include oily fish or fish oil capsules

into their dietary regimens. Thus, inclusion of plant sources

of ALA within a 2:1 diet negates the need to use a sup-

plement containing EPA, but a DHA-rich source (i.e. algal

oil supplement, DHA-enriched eggs) may be warranted for

the aforementioned populations. At the population level, a

690 Lipids (2010) 45:683–692

123



decreased intake of LNA with a concurrent increased

intake of ALA-containing plant sources to achieve a *2:1

diet ratio, plus a marine derived algal oil supplement

containing EPA and DHA, is a sustainable alternative to

ongoing public health recommendations supporting the

intake of fish for the primary prevention of CVD.

Acknowledgments We would like to thank Water 4 Investment for

supplying the V-Pure� Omega-3 EPA & DHA supplement, the Cal-

ifornia Walnut Commission for supplying the walnuts, and Barlean’s

Organic Oils for supplying the clear flax seed oil. We would like to

express our gratitude to our Research Dietitian, Jennifer Fix, MPH,

RD, and to the study participants without whom this investigation

would not have been possible. M.W., S.R. and J.S. designed research;

M.W. and J.S. conducted research; K.O. analyzed data; M.W., S.R.

and J.S. wrote the paper. M.W. had primary responsibility for the final

content. All authors have read and approved the final manuscript. This

study was supported by the Center for Health and Nutrition Research

at University of California, Davis.

Conflict of interest statement None of the authors disclose any

conflicts of interest.

References

1. Fleith M, Clandinin MT (2005) Dietary PUFA for preterm and

term infants: review of clinical studies. Crit Rev Food Sci Nutr

45:205–229

2. Morale SE, Hoffman DR, Castaneda YS, Wheaton DH, Burns

RA, Birch EE (2005) Duration of long-chain polyunsaturated

fatty acids availability in the diet and visual acuity. Early Hum

Dev 81:197–203

3. Tsubura A, Yuri T, Yoshizawa K, Uehara N, Takada H (2009)

Role of fatty acids in malignancy and visual impairment: epide-

miological evidence and experimental studies. Histol Histopathol

24:223–234

4. Albert CM, Oh K, Whang W, Manson JE, Chae CU, Stampfer MJ

et al (2005) Dietary alpha-linolenic acid intake and risk of sudden

cardiac death and coronary heart disease. Circulation 112:3232–

3238

5. Connor WE (2000) Importance of n-3 fatty acids in health and

disease. Am J Clin Nutr 71:171S–175S

6. Djousse L, Pankow JS, Eckfeldt JH, Folsom AR, Hopkins PN,

Province MA et al (2001) Relation between dietary linolenic acid

and coronary artery disease in the national heart, lung, and blood

institute family heart study. Am J Clin Nutr 74:612–619

7. Lemaitre RN, King IB, Mozaffarian D, Kuller LH, Tracy RP,

Siscovick DS (2003) n-3 Polyunsaturated fatty acids, fatal

ischemic heart disease, and nonfatal myocardial infarction in

older adults: the cardiovascular health study. Am J Clin Nutr

77:319–325

8. Saremi A, Arora R (2008) The utility of omega-3 fatty acids in

cardiovascular disease. Am J Ther 16:421–436

9. Innis SM, Elias SL (2003) Intakes of essential n-6 and n-3

polyunsaturated fatty acids among pregnant Canadian women.

Am J Clin Nutr 77:473–478

10. Stephen AM, Wald NJ (1990) Trends in individual consumption

of dietary fat in the United States, 1920–1984. Am J Clin Nutr

52:457–469

11. Surette ME (2008) The science behind dietary omega-3 fatty

acids. CMAJ 178:177–180

12. Gebauer SK, Psota TL, Harris WS, Kris-Etherton PM (2006) n-3

fatty acid dietary recommendations and food sources to achieve

essentiality and cardiovascular benefits. Am J Clin Nutr

83:1526S–1535S

13. Saura-Calixto F, Goni I (2009) Definition of the Mediterranean

diet based on bioactive compounds. Crit Rev Food Sci Nutr

49:145–152

14. Agren JJ, Hanninen O, Julkunen A, Fogelholm L, Vidgren H,

Schwab U et al (1996) Fish diet, fish oil and docosahexaenoic

acid rich oil lower fasting and postprandial plasma lipid levels.

Eur J Clin Nutr 50:765–771

15. Arterburn LM, Oken HA, Bailey Hall E, Hamersley J, Kuratko

CN, Hoffman JP (2008) Algal-oil capsules and cooked salmon:

nutritionally equivalent sources of docosahexaenoic acid. J Am

Diet Assoc 108:1204–1209

16. Barcelo-Coblijn G, Murphy EJ, Othman R, Moghadasian MH,

Kashour T, Friel JK (2008) Flaxseed oil and fish-oil capsule

consumption alters human red blood cell n-3 fatty acid compo-

sition: a multiple-dosing trial comparing 2 sources of n-3 fatty

acid. Am J Clin Nutr 88:801–809

17. Innis SM, Hansen JW (1996) Plasma fatty acid responses, met-

abolic effects, and safety of microalgal and fungal oils rich in

arachidonic and docosahexaenoic acids in healthy adults. Am J

Clin Nutr 64:159–167

18. Rajaram S, Haddad EH, Mejia A, Sabate J (2009) Walnuts and

fatty fish influence different serum lipid fractions in normal to

mildly hyperlipidemic individuals: a randomized controlled

study. Am J Clin Nutr 89:1657S–1663S

19. Liou YA, King DJ, Zibrik D, Innis SM (2007) Decreasing linoleic

acid with constant alpha-linolenic acid in dietary fats increases

(n-3) eicosapentaenoic acid in plasma phospholipids in healthy

men. J Nutr 137:945–952

20. Jenkins DJ, Sievenpiper JL, Sumaila UR, Kendall CW, Mowat

FM (2009) Are dietary recommendations for the use of fish oils

sustainable? CMAJ 180:633–637

21. Kris-Etherton PM, Harris WS, Appel LJ (2002) Fish consump-

tion, fish oil, omega-3 fatty acids, and cardiovascular disease.

Circulation 106:2747–2757

22. Watkins SM, Reifsnyder PR, Pan HJ, German JB, Leiter EH

(2002) Lipid metabolome-wide effects of the PPARgamma

agonist rosiglitazone. J Lipid Res 43:1809–1817

23. Panel on Macronutrients, Panel on the Definition of Dietary

Fiber, Subcommittee on Upper Reference Levels of Nutrients,

Subcommittee on Interpretation and Uses of Dietary Reference

Intakes, Standing Committee on the Scientific Evaluation of

Dietary Reference Intakes (2002) Dietary reference intakes for

energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein,

and amino acids. Washington, DC

24. US Department of Health and Human Services and US Depart-

ment of Agriculture. Dietary Guidelines for Americans, 2005, 6th

edn. Government Printing Office

25. Arterburn LM, Hall EB, Oken H (2006) Distribution, intercon-

version, and dose response of n-3 fatty acids in humans. Am J

Clin Nutr 83:1467S–1476S

26. Kris-Etherton PM, Hill AM (2008) N-3 fatty acids: food or

supplements? J Am Diet Assoc 108:1125–1130

27. Rodriguez A, Sarda P, Nessmann C, Boulot P, Leger CL,

Descomps B (1998) Delta 6- and delta 5-desaturase activities in

the human fetal liver: kinetic aspects. J Lipid Res 39:1825–1832

28. Portolesi R, Powell BC, Gibson RA (2007) Competition between

24:5n-3 and ALA for Delta 6 desaturase may limit the accumu-

lation of DHA in HepG2 cell membranes. J Lipid Res 48:1592–

1598

29. Bouwens M, van de Rest O, Dellschaft N, Bromhaar MG, de

Groot LC, Geleijnse JM et al (2009) Fish-oil supplementation

Lipids (2010) 45:683–692 691

123



induces antiinflammatory gene expression profiles in human

blood mononuclear cells. Am J Clin Nutr 90:415–424

30. Calder PC, Yaqoob P (2009) Omega-3 polyunsaturated fatty

acids and human health outcomes. Biofactors 35:266–272

31. Leon H, Shibata MC, Sivakumaran S, Dorgan M, Chatterley T,

Tsuyuki RT (2008) Effect of fish oil on arrhythmias and

mortality: systematic review. BMJ 337:a2931. doi:10.1136/

bmj.a2931
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Abstract The aim of this study was to evaluate the

association between adipose tissue trans-fatty acid isomers

and adiposity. This cross-sectional study included 1,785

subjects from Costa Rica. Fatty acid concentrations (as a

percentage of the total fatty acids) in subcutaneous adipose

tissue were assessed by gas–liquid chromatography. Die-

tary intakes were assessed with a food frequency ques-

tionnaire. Multivariate linear regression models were used

to relate adipose tissue trans-fatty acid content to BMI,

waist circumference, and skinfold thickness while adjust-

ing for age, sex, and area of residence. To account for

variations in lifestyle, we adjusted for smoking, physical

activity, income, self-reported history of diabetes and

hypertension, and for adipose tissue alpha-linolenic acid

and energy intake in a third model. After adjustments,

positive associations were found between 18:2t-fatty acids

(primarily from partially hydrogenated oils) and BMI,

waist circumference, and skinfold thickness (P for each

association\0.01). Rumenic acid was positively associated

with skinfold thickness (P \ 0.0001), but not with BMI or

waist circumference (P [ 0.05). Inverse associations were

found between 16:1n-7t-fatty acids and skinfold thick-

ness and between 18:1t-fatty acids and BMI and waist

circumference (P \ 0.0001). This study suggests that

individual trans-fatty acid isomers may have divergent

effects on adiposity. 18:2t-fatty acids show consistent

positive associations with measures of adiposity. These

isomer-specific associations are an interesting new finding.

Other prospective and intervention studies are necessary to

examine these relationships further.

Keywords trans-fatty acids � Adipose tissue �
Body weight � Obesity � Conjugated linoleic acid �
Diet

Abbreviations

BMI Body mass index

CLA Conjugated linoleic acid

CVD Cardiovascular disease

GLC Gas–liquid chromatography

Introduction

trans-Fatty acids are unsaturated fatty acids characterized

by the trans configuration of their double bonds. The two

main industrially produced trans-isomers,18:1t-and 18:2t-

fatty acids are created by partial hydrogenation of unsatu-

rated fats and have well documented adverse effects on

health [1, 2]. The health effects of 16:1n-7t-fatty acids

and 18:2n-7t fatty acids collectively known as conjugated

linoleic acid (CLA) are less well understood.

The 9c, 11t isomer of CLA, also known as rumenic acid,

is found in ruminant food products. These natural trans-fats

originate mainly from biohydrogenation of linoleic acid by

fermentive bacteria in ruminants and by endogenous
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synthesis from vaccenic acid by delta-9 desaturase [3].

Rumenic acid, represents *80% of all CLA isomers in the

diet [4], and is mainly found in dairy products in this

population [5].

In humans and monkeys, high 18:1t and 18:2t-fatty acid

intake appears to predispose to accumulation of body fat,

particularly abdominal fat [6, 7]. Among more than 16,000

men who provided two measurements of abdominal cir-

cumference at an interval of 9 years, each 2% increase in

total energy from trans-fatty acids (versus the same percent

of energy from cis-polyunsaturated fat) was associated with

a 2.7-cm increase in abdominal circumference (P \ 0.001)

after adjustment for measurement error and other risk

factors [7]. Among more than 41,000 women who provided

two measurements of body weight at an interval of 8 years,

increases in trans-fatty acid intake were robustly associated

with increases in body weight in both cross-sectional and

longitudinal analyses, whereas intakes of other types of fat

were not [8]. In a 6-year randomized controlled trial among

42 male African green monkeys feeding *8% of energy

18:1t- and 18:2t-fatty acids resulted in a threefold greater

weight gain compared with controls assigned to a diet

containing cis-monounsaturated fatty acids (P \ 0.05) [6].

However, evidence from human intervention studies has

been inconclusive [9, 10].

The purpose of this study was to evaluate the associa-

tions between the most common trans-fatty acid isomers

(18:1t, 18:2t, 16:1n-7t and rumenic acid) and adiposity in a

population of Costa Rican adults. We used adipose tissue

levels of trans-fatty acids as a marker for intake because

the trans-fatty acid content of foods has changed consid-

erably and subcutaneous adipose tissue is considered the

best choice for the study of long-term fatty acid intake

[11, 12].

Methods

Study Population

Subjects were randomly selected population controls from

a case–control study on diet and heart disease conducted in

Costa Rica as previously described [13]. Participation was

88%. We included a total of 1,334 men and 451 women.

Subjects gave informed consent on documents approved by

the Human Subjects Committee of the Harvard School of

Public Health and the University of Costa Rica.

Data Collection

Data were collected by trained personnel visiting the sub-

jects at their homes. Subjects provided information on

socioeconomic, demographic, diet, and medical history

during an interview. Anthropometric measures collected

were height, weight, waist circumference and skinfold

thickness for subscapular, suprailiac and triceps. All

anthropometric measurements were taken from subjects

wearing light clothing and no shoes, and collected in

duplicate and averaged out for analyses. Field workers

measured triceps (posterior upper arm, midway between

the elbow and acromion), subscapular (1 cm below the

lower tip of the scapula), and suprailiac (at the midline and

above the iliac crest) using Holtain skinfold calipers. All

measurements were taken on the right side of the body.

Nonstretching fiberglass or metal tapes were used to

measure the waist (smallest horizontal trunk circumfer-

ence) and hip (largest horizontal circumference around the

hip and buttocks) girths. A steel anthropometer and a

Detecto bathroom scale or a Seca Alpha Model 770 digital

scale accurate to 50 g were used to measure height and

weight, respectively. The two scales were calibrated

biweekly. Body mass index (BMI) was then calculated as

weight (kg) divided by the square of the height (m2). BMI

categories were defined by general accepted cut-off points.

Normal weight was determined as a BMI lower than

25 kg/m2, overweight as a BMI between 25 and 30 kg/m2

and obesity was defined as a BMI above 30 kg/m2.

A subcutaneous adipose tissue biopsy was collected

from the upper buttock with a 16-gauge needle and dis-

posable syringe following procedures previously described

[14]. Samples were stored in a cooler at 4 �C and trans-

ported to the fieldwork station where they were stored at

-80 �C. Within 6 months, they were shipped on dry ice to

the Harvard School of Public Health for long term storage

in nitrogen tanks. Energy and nutrient intakes were asses-

sed with a food frequency questionnaire developed and

validated specifically for use among Costa Ricans [14, 15].

Dietary information obtained by the food frequency ques-

tionnaire was used for validation purposes and to assess

confounding by dietary factors that do not have good

biomarkers of intake. The fatty acid composition of all

foods commonly used in Costa Rica was determined [16]

and incorporated into the nutrient calculation.

Fatty Acid Analysis

Fatty acids were extracted from adipose tissue and ana-

lyzed by gas–liquid chromatography (GLC) [14]. The fatty

acids in the adipose tissue biopsy were extracted using

hexane/isopropanol (3:2) mixture and esterified with

methanol and acetyl chloride. After esterification, the

methanol and acetyl chloride were evaporated and the fatty

acid methyl esters were dissolved in isooctane. The methyl

esters were quantified by GLC using the following

parameters: fused silica capillary cis/trans-column SP2560,

100 m 9 250 mm internal diameters 9 0.20 mm film
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(Supelco, Belefonte, PA); splitless injection port at 240 �C;

hydrogen carrier gas at 1.3 ml/min, constant flow; Hewlett-

Packard Model (now Agilent) GC 6890 FID gas chro-

matograph with 7673 Autosampler injector (Palo Alto,

CA); 1 ml of sample injected; temperature program of

90–170 �C at 10 �C/min, 170 �C for 5 min, 170–175 �C at

5 �C/min, 175–185 �C at 2 �C/min, 185–190 �C at

1 �C/min, 190–210 at 5 �C/min, 210 �C for 5 min,

210–250 �C at 5 �C/min, 250 �C for 10 min. Peak reten-

tion time and area percentages of total fatty acids were

identified by injecting known standards (catalog numbers

47791, GLC-463, GLC-481b, N-16-M, N-21-M, N-23-M,

N-24-M, U-45-M, U-46-M, U-59-M, U-71-M and

UC-60-M, Nu-Chek_prep, Elysium, MN), and analyzed

with the Agilent Technologies ChemStation A.08.03 soft-

ware (Agilent Technologies, Inc., Palo Alto, CA). Twelve

identical samples were analyzed throughout the study. The

inter-assay coefficients of variation for 18:1t, 18:2t, and

18:2n-7t (9c,11t) fatty acids were 15.7, 6.4, and 5.2%,

respectively. We previously showed that the trans-fatty

acid concentration in adipose tissue is a good biomarker of

trans-fatty acid intake in the Costa Rican population [14].

Statistical Analysis

Data are presented as means ± SD or n (%). The trans-

fatty acids that we used in the analysis were defined as

follows: 18:1t = 18:1t (n-7t) ? 18:1t (n-9t) ? 18:1t

(n-11t); 18:2t = 18:2t (n-6tt) ? 18:2t (n-6ct) ? 18:2t (n-6tc).

Data were analyzed with the SAS software v9.1 (SAS

Institute, Cary, NC, USA) with the significance level set at

P \ 0.05. Partial Spearman correlation coefficients were

calculated, adjusted for age, sex, and area of residence for

the association between adipose tissue fatty acids and

several subject characteristics and potential confounders.

Multivariate regression was used to estimate the b
coefficients and P values of the association between

adipose tissue trans-fatty acid isomer content and indi-

cators of adiposity. These calculations were adjusted for

the matching factors age, sex and area of residence. To

account for variation in lifestyle and dietary habits, fur-

ther models adjusted for smoking status, physical activity

and income, and self-reported history of diabetes and

hypertension. In a third model we also adjusted for adi-

pose tissue alpha-linolenic acid, which is present in par-

tially hydrogenated soybean oil used for cooking and was

the major dietary source of 18:2t-fatty acids in this pop-

ulation [13].

Other potential confounders that were examined but not

included in the final models were alcohol intake, fruit and

vegetable intake, currently on weight loss diet, menopausal

status, adipose tissue linoleic acid, arachidonic acid, long

chain omega-3 fatty acids, and dietary patterns.

Results

The average BMI of all subjects was 26.4 kg/m2 (Table 1).

Subjects in the obese category were more likely to be

female, have a higher income, a history of diabetes and

hypertension and less likely to be physically active

or smoke. Obese subjects had higher adipose levels of

18:2t-fatty acids and arachidonic acid, and lower levels of

18:1t-fatty acids, linoleic acid and alpha-linolenic acid.

The mean percentage plus standard deviation (SD) of

trans-fatty acids in adipose tissue as percentage of total

fatty acids was 2.7 ± 0.7 for total trans-fatty acids,

1.47 ± 0.53 for 18:1t, 1.15 ± 0.35 for 18:2t, 0.15 ± 0.06

for 16:1n-7t and 0.56 ± 0.18 for rumenic acid (Table 1).

Adipose tissue trans-fatty acid content corresponded

with their intake from the diet. The average trans-fatty acid

intake as a percentage of total calories was 0.77 ± 0.30%

for 18:1t, 0.07 ± 0.07% for 18:2t, 0.06 ± 0.03% for

16:1n-7t and 0.10 ± 0.05% for rumenic acid.

Adipose tissue 18:1t, 18:2t and rumenic acid, but not

16:1n-7t were inversely associated with physical activity

(Table 2). Within adipose tissue, the strongest correlation

was between 18:1t and 18:2t-fatty acids (Spearman r =

0.51). Rumenic acid was weakly inversely associated with

linoleic acid and alpha-linolenic acid (Spearman r =

- 0.17 and -0.08, respectively) and weakly positively with

arachidonic acid (Spearman r = 0.06) (data not shown).

Results of the multivariate regression models for asso-

ciations were reported as one SD unit increase in adipose

tissue trans-fatty acids and measures of adiposity (Table 3).

Increased adipose tissue 16:1n-7t- and 18:2t-fatty acids

were associated with higher BMI and waist circumference,

and 18:1t-fatty acids were associated with lower BMI and

waist circumference. In contrast, 16:1n-7t-fatty acids were

inversely associated with individual skinfold thicknesses,

while rumenic acid was positively associated with each

skinfold thickness. Adipose tissue 18:1t-fatty acids were not

significantly associated with skinfold thickness. Rumenic

acid was not significantly associated with BMI or waist

circumference, but was positively related to skinfold

thicknesses. In additional analyses, alpha-linolenic acid

was inversely associated with BMI (model 3, beta -4.2,

p \ 0.0001) and waist circumference (model 3, beta -10.0,

p \ 0.0001).

Discussion

This cross-sectional study in the Costa Rican population

evaluated the association between adipose tissue trans-

fatty acid isomers and adiposity. We included both indus-

trially produced (18:1t and 18:2t) and naturally occurring

(16:1n-7t and 18:2n-7, 9c, 11t) trans-fatty acids. The most
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striking result was the apparent heterogeneity in the asso-

ciations between the different trans-fatty acid isomers in

adipose tissue and measures of adiposity.

Among the specific trans-fatty acids, the most consistent

finding was that the industrial 18:2t-fatty acids, coming

from partially hydrogenated oils used for cooking, were

Table 1 General characteristics of Costa Rican subjects by BMI category

All subjects

(n = 1,785)

Normal weight

BMI \ 25 kg/m2

(n = 688)

Overweight

25 \ BMI \ 30 kg/m2

(n = 787)

Obese

BMI [ 30 kg/m2

(n = 310)

Age (years) 58 ± 11 58 ± 12 58 ± 11 57 ± 11

Women (%) 25 20 25 38

Area of residence rural (%) 34 35 34 35

Monthly household income, ($US/mo) 583 ± 429 548 ± 417 597 ± 430 631 ± 449

Physical activity (METS/day) 35.3 ± 15.0 36.9 ± 17.2 35.1 ± 13.7 32.3 ± 12.4

Current smokers (%)a 22 30 18 13

History of diabetes (%)b 14 11 14 21

History of hypertension (%)b 29 18 32 48

Measures of adiposity

BMI (kg/m2) 26.4 ± 4.2 22.5 ± 1.9 27.2 ± 1.4 33.2 ± 3.0

Waist circumference (cm) 91.0 ± 9.9 83.1 ± 6.7 93.1 ± 6.0 103.2 ± 8.6

Triceps skin fold (mm) 13.8 ± 6.7 11.0 ± 4.9 14.2 ± 6.1 18.8 ± 8.1

Subscapular skin fold (mm) 16.8 ± 7.5 13.0 ± 4.6 17.9 ± 6.8 22.4 ± 9.7

Suprailiac skin fold (mm) 12.5 ± 6.8 9.7 ± 5.1 13.2 ± 6.5 16.9 ± 8.0

Adipose tissue fatty acids (% of total fatty acids)c

Total 18:1td 1.47 ± 0.53 1.57 ± 0.56 1.43 ± 0.52 1.35 ± 0.47

18:1 (n-12t) 0.61 ± 0.25 0.64 ± 0.26 0.60 ± 0.25 0.57 ± 0.23

18:1 (n-9t) 0.50 ± 0.20 0.53 ± 0.22 0.48 ± 0.19 0.46 ± 0.18

18:1 (n-7t) 0.36 ± 0.18 0.39 ± 0.20 0.35 ± 0.18 0.32 ± 0.15

Total 18:2t 1.15 ± 0.35 1.15 ± 0.38 1.15 ± 0.35 1.13 ± 0.31

18:2 (n-6tt) 0.28 ± 0.10 0.28 ± 0.10 0.28 ± 0.10 0.28 ± 0.09

18:2 (n-6ct) 0.56 ± 0.18 0.56 ± 0.19 0.56 ± 0.18 0.55 ± 0.16

18:2 (n-6tc) 0.31 ± 0.10 0.31 ± 0.11 0.31 ± 0.10 0.30 ± 0.09

16:1 (n-7t) 0.15 ± 0.06 0.14 ± 0.06 0.15 ± 0.06 0.15 ± 0.05

Rumenic acidf 0.56 ± 0.18 0.56 ± 0.18 0.56 ± 0.17 0.57 ± 0.17

18:2 (n-6) 15.63 ± 3.81 15.68 ± 3.95 15.68 ± 3.85 15.40 ± 3.34

20:4 (n-6) 0.47 ± 0.14 0.41 ± 0.12 0.50 ± 0.14 0.54 ± 0.13

18:3 (n-3) 0.65 ± 0.21 0.68 ± 0.22 0.65 ± 0.21 0.61 ± 0.19

Dietary fatty acids (% fatty acids)

Total 18:1td 2.4 ± 0.9 2.4 ± 1.0 2.4 ± 0.9 2.4 ± 0.9

Total 18:2t 1.4 ± 1.0 1.4 ± 1.1 1.4 ± 1.0 1.4 ± 1.0

16:1 (n-7t) 0.19 ± 0.08 0.19 ± 0.08 0.19 ± 0.08 0.19 ± 0.08

Rumenic acidf 0.32 ± 0.13 0.32 ± 0.14 0.32 ± 0.13 0.33 ± 0.14

Values are means ± SD or n (%)

METS/day metabolic equivalents for 24 h
a Smoking C1 cigarette/day
b Self-reported
c As percent of total adipose fatty acids
d 18:1t is the sum of 18:1n-7t, 18:1n-9t and 18:1n-11t
e 18:2t-is the sum of 18:2n-6tt, 18:2n-6ct and 18:2n-6tc
f Rumenic acid is the 9c, 11t isomer of 18:2 (n-7t) conjugated linoleic acid

696 Lipids (2010) 45:693–700

123



associated with increased visceral and subcutaneous

adiposity.

In addition to positive associations with adiposity, 18:2

trans-fatty acids have been found to be more adversely

related to risk of cardiovascular disease (CVD) than are

18:1 trans-fatty acids [17–19]. A possible explanation for

these adverse effects on CVD is that 18:2t-fatty acids are

incorporated in the sn-2 position of phospholipids, where

polyunsaturated fatty acids are usually found. This substi-

tution might affect membrane properties and have effects

on atherosclerotic pathways through increased macrophage

adhesion [20].

16:1n-7t-fatty acids, from ruminant food sources, have

not been widely investigated. In this study 16:1n-7t-fatty

acids were positively associated with BMI and waist cir-

cumference, and inversely with skinfold thickness. This

suggests that 16:1n-7t-may be associated with increased

visceral, rather than subcutaneous fat storage. These find-

ings are in contrast with rumenic acid, also from rumi-

nant food sources, which is associated with increased

subcutaneous adiposity. Although differences in fatty acid

metabolism between visceral and subcutaneous fat depots

have been found [21], we cannot explain the different

associations of these natural trans-fatty acids with visceral

and subcutaneous adiposity.

The finding of an inverse association between adipose

tissue 18:1t-fatty acids and BMI is unexpected, given the

positive associations found in other studies where 18:1t-fatty

acids were the main trans-fatty acids in the diet [6, 8].

However, although the distribution of fat in monkeys fed a

trans-fat diet favored an intra-abdominal distribution, the

increases in body weight, weight circumference, subcuta-

neous and intra-abdominal fat were not significant, which is

in line with our study [6]. We cannot exclude that this

redistribution of fat also happened in our subjects. Also,

Koh-Banerjee et al. [7] reported an increase in waist gain

with higher trans-fat intake, but they did not validate the

intake of trans-fatty acids in their food frequency question-

naire, which could introduce considerable bias since trans-

fat content of foods has changed over time. In addition, short

Table 2 Correlations between adipose fatty acids and general characteristics of all subjects

Adipose tissue fatty acids: 18:1tc 18:2td 16:1n-7t Rumenic acide

General characteristics

Monthly household income ($US/mo) 0.13*** 0.11*** 0.15*** 0.06**

Physical activity (METS/day) -0.10*** -0.07** 0.06* -0.10***

Current smokers (%)a -0.09** -0.07** -0.10*** 0.06**

History of diabetes (%)b -0.04 -0.05* 0.05* -0.07**

History of hypertension (%)b 0.06** -0.007 0.04 -0.05*

Adipose tissue fatty acids (% total fatty acids)

Total 18:1tc – 0.51*** 0.06** 0.32***

Total 18:2td 0.51*** – 0.003 0.37***

16:1n-7t 0.06** 0.003 – 0.11***

Rumenic acide 0.32*** 0.37*** 0.11*** –

18:2 (n-6) 0.08** 0.45*** 0.15*** -0.17***

20:4 (n-6) -0.34*** -0.04 0.07** 0.06*

18:3 (n-3) 0.05* 0.46*** 0.14*** -0.08**

Dietary fatty acids (% total fatty acids)

Total 18:1t 0.28*** 0.39*** -0.003 0.25***

Total 18:2t 0.19*** 0.52*** -0.08*** 0.05

16:1n-7t 0.05* -0.03 0.28*** 0.21***

Rumenic acide 0.06** -0.03 0.31*** 0.23***

Partial Spearman correlation coefficients between adipose tissue trans-fatty acids (% of total fatty acids) and several variables (adjusted for age,

sex and area of residence)

METS/day metabolic equivalents for 24 h

* P \ 0.05; ** P \ 0.01; *** P \ 0.0001, n = 1,785
a Smoking C 1 cigarette/day
b Self-reported
c 18:1t is the sum of 18:1n-7t-, 18:1n-9t-, and 18:1n-11t-adipose tissue fatty acids
d 18:2t is the sum of 18:2n-6tt-, 18:2n-6ct-, and 18:2n-6tc-adipose tissue fatty acids
e Rumenic acid is the 9c,11t-isomer of 18:2 (n-7t) conjugated linoleic acid
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term studies conducted in small animals fed 18:1t-fatty acids

as their main source of trans-fatty acids support our findings.

These randomized controlled trials with rabbits and mice

showed decreases in body weight, and perirenal and epi-

didymal weight when fed diets high in 18:1t-fatty acids [22,

23]. The discrepancy between the observations in this study

and those in other studies on industrial trans-fatty acids and

weight might also be explained by the relatively low con-

sumption of 18:1t-fatty acids in Costa Rica.

Adipose tissue rumenic acid was not significantly asso-

ciated with BMI or waist circumference but did relate posi-

tively to skinfold thickness. Studies in rodents show

associations between CLA and decreases in body fat [24], but

in humans the effects of CLA consumption on body weight

are inconsistent [9, 10], which is in line with our findings.

Adiposity is primarily caused by an imbalance in energy

consumption, leading to deposition of excess calories.

However, Flint et al. [25] showed that trans-fatty acid

consumption had no effect on either appetite or energy

expenditure. Food sources of 18:1t-fatty acids are mostly

processed baked goods, while the main source of 18:2t-

fatty acids in our population is cooking oil. However, this

does not logically explain why 18:1t-fatty acids are asso-

ciated with decreased adiposity, and 18:2t-fatty acids with

increased adiposity. A clear mechanism for the observed

associations cannot be given. Also, biochemical mecha-

nisms to explain these observations such as interference

with essential fatty acid desaturation and elongation [26],

insulin sensitivity [27] and fat cell size [28] does not

explain the inverse associations we see with 18:1t-fatty

acids and adiposity.

Together with the studies on trans-fatty acid isomers

and CVD risk, the results from this study suggest that

different associations exist between the individual trans-

Table 3 Multivariate regression coefficients for the association between adipose tissue trans-fatty acids (shown as one standard deviation

change) and measures of adiposity

Adipose tissue trans-fatty acids

18:1ta 18:2tb 16:1n-7t Rumenic acidc

BMI (kg/m2)

Model 1 -0.91 ± 0.12*** 0.20 ± 0.12 0.35 ± 0.10** 0.20 ± 0.11

Model 2 -0.92 ± 0.11*** 0.12 ± 0.12 0.22 ± 0.10* 0.28 ± 0.11**

Model 3 -1.13 ± 0.11*** 0.69 ± 0.13*** 0.37 ± 0.10** 0.03 ± 0.11

Waist circumference (cm)

Model 1 -2.39 ± 0.27*** 0.58 ± 0.28* 0.87 ± 0.23** 0.75 ± 0.25**

Model 2 -2.39 ± 0.26*** 0.43 ± 0.27 0.60 ± 0.22** 0.92 ± 0.24**

Model 3 -2.88 ± 0.26*** 1.78 ± 0.31*** 0.95 ± 0.22*** 0.34 ± 0.25

Subscapular skinfold (mm)

Model 1 -0.20 ± 0.19 0.15 ± 0.20 -2.42 ± 0.17*** 1.79 ± 0.18***

Model 2 -0.23 ± 0.19 0.05 ± 0.19 -2.61 ± 0.16*** 1.91 ± 0.18***

Model 3 -0.69 ± 0.18** 1.33 ± 0.22*** -2.27 ± 0.16*** 1.36 ± 0.18***

Triceps skinfold (mm)

Model 1 0.08 ± 0.15 0.11 ± 0.16 -1.51 ± 0.13*** 1.30 ± 0.15***

Model 2 0.05 ± 0.15 0.05 ± 0.16 -1.61 ± 0.13*** 1.35 ± 0.14***

Model 3 -0.27 ± 0.15 0.93 ± 0.18*** -1.38 ± 0.13*** 0.97 ± 0.15***

Suprailiac skinfold (mm)

Model 1 -0.23 ± 0.16 -0.07 ± 0.17 -1.78 ± 0.14*** 1.35 ± 0.15***

Model 2 -0.25 ± 0.16 -0.14 ± 0.17 -1.89 ± 0.14*** 1.41 ± 0.15***

Model 3 -0.55 ± 0.16** 0.70 ± 0.19** -1.67 ± 0.14*** 1.06 ± 0.16***

Associations are b coefficients for 1 standard deviation (SD) difference in percentage of trans-fatty acids ± standard error, SD 16:1n-7t = 0.06,

SD 18:1t = 0.53, SD 18:2t = 0.35, SD rumenic acid = 0.18

Model 1: Includes all trans-fatty acid variables plus age, sex and area of residence

Model 2: Model 1 plus smoking status, physical activity, income, self reported history of diabetes and hypertension

Model 3: Model 2 plus energy intake and adipose tissue 18:3n-3 (alpha-linolenic acid)

* P \ 0.05; ** P \ 0.01; *** P \ 0.0001, n = 1,785
a 18:1t is the sum of 18:1n-7t-, 18:1n-9t-, and 18:1n-11t-adipose tissue fatty acids
b 18:2t is the sum of 18:2n-6tt-, 18:2n-6ct-, and 18:2n-6tc-adipose tissue fatty acids
c Rumenic acid is the 9c,11t-isomer of 18:2 (n-7t)-conjugated linoleic acid
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fatty acid isomers and health outcomes. Currently there is a

trend among the food industry to reduce trans-fatty acids in

common foods, which then might be replaced with oils that

are less hydrogenated and contain relatively more 18:2t-

fatty acids. Although the primary goal is to improve public

health, this might have more adverse effects because of the

adverse associations of 18:2t-fatty acids with CVD and

adiposity. While a causal effect cannot be determined in

this study, extrapolation of our findings suggests that

eliminating all industrial 18:2t-fatty acids would be asso-

ciated with a 7.1-cm decrease in waist circumference.

The use of adipose tissue trans-fatty acids is both a

strength and a limitation of the study. Adipose tissue levels

are not dependent on imperfect measures of dietary intake

or food composition tables to determine the amount of

trans-fatty acids in foods, which can pose a problem in

dietary analyses since the trans-fatty acid content of foods

can vary considerably over time. However, the concentra-

tion of fatty acids in adipose tissue not only reflects intake,

but also metabolism and substitutions between fatty acids.

Reverse causation may influence the associations found

in this study; increases in body weight are readily noticed

by participants, which can lead to changes in energy intake

and the choice of foods or to increased physical activity.

Also, residual confounding is possible because of imperfect

measurements of physical activity, dietary factors, and

health consciousness.

In summary, our study provides evidence that individual

trans-fatty isomers have divergent effects on adiposity. The

main finding is the consistent adverse association between

industrial 18:2t and all measures of adiposity. Also, 16:1n-

7t and rumenic acid, both trans-isomers mainly found in

dairy foods, have divergent effects which has not been

reported previously. These isomer-specific associations

pose new questions on how trans-fatty acids influence

metabolism and weight. Other prospective and intervention

studies are necessary to examine this further. Regardless of

an association with adiposity, elimination of partially

hydrogenated oils from the diet is important in efforts to

reduce the burden of cardiovascular disease.
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Abstract The effect of an atherogenic diet on inflam-

matory response and elicited peritoneal macrophage (M/)

cholesterol accumulation in relation to aortic lesion for-

mation was assessed in LDL receptor null (LDLr-/-)

mice. Mice were fed an atherogenic or control diet for

32 weeks. The atherogenic relative to control diet resulted

in significantly higher plasma monocyte chemoattractant

protein-1 (MCP-1), tumor necrosis factor alpha (TNFa)

and interleukin-6 (IL-6) concentrations, more aortic wall

M/ deposition, higher serum non HDL-cholesterol con-

centrations and total cholesterol to HDL-cholesterol ratios,

and greater accumulation of both aortic free and esterified

cholesterol. Elicited peritoneal M/ selectively accumu-

lated longer chain unsaturated fatty acids in their

membrane, independent of the dietary fatty acid profile.

Elicited peritoneal M/ isolated from mice fed the athero-

genic relative to control diet had significantly less arachi-

donic acid levels, accumulated significantly higher

esterified cholesterol, had significantly higher mRNA lev-

els and secretion of MCP-1, and mRNA and protein levels

of ATP-binding cassette A1. Diet treatment had no sig-

nificant effect in elicited peritoneal M/ on TNFa and IL-6

mRNA levels and secretion. These data suggest that the

atherogenic relative to control diet resulted in higher

plasma inflammatory factor concentrations, less favorable

lipoprotein profile, higher elicited peritoneal M/ choles-

terol accumulation and inflammatory factor secretion, and

more aortic wall M/ deposition, which in turn were

associated with greater aortic cholesterol accumulation.

Keywords Atherogenic diet � Atherosclerosis �
Cholesterol accumulation � Inflammatory response �
Macrophage � LDLr-/- mouse

Abbreviations

M/ Macrophage

LDLr-/- LDL receptor null

MCP-1 Monocyte chemoattractant protein-1

TNFa Tumor necrosis factor alpha

IL-6 Interleukin-6

MSR1 Membrane bound M/ scavenger receptor 1

CD36 Cluster of differentiation 36

ABCA1 ATP-binding cassette A1

SR-B1 Scavenger receptor B class 1

CCR2 CC chemokine receptor 2

PBS Phosphate-buffered saline

TC Total cholesterol

FC Free cholesterol
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EC Esterified cholesterol

BCA Bicinchoninic acid

HDL-C High density lipoprotein-cholesterol

non HDL-C Non-high density lipoprotein-cholesterol

LPS Lipopolysaccharide

SD Standard deviation

MUFA Monounsaturated fatty acid

PUFA Polyunsaturated fatty acid

ALA Alpha-linolenic acid

EPA Eicosapentaenoic acid

DHA Docosahexaenoic acid

LNA Linoleic acid

ARA Arachidonic acid

CVD Cardiovascular disease

TLR4 Toll-like receptor 4

NF-kB Nuclear factor-kappa B

ox-LDL Oxidized LDL

LXR Liver-X-receptors

Introduction

Historically, lipoprotein profiles and lipid accumulation in

the blood vessel wall have been the major focus of research

related to atherogenesis. More recently, a preponderance of

evidence from clinical and experimental studies has sug-

gested that inflammation is an important factor [1]. Mac-

rophages (M/) play a critical role in both intracellular

cholesterol accumulation and deposition in the arterial

wall. Aortic M/s express scavenger receptors that take up

modified lipoproteins through membrane-bound M/
scavenger receptor 1 (MSR1) and CD36. Increased

expression of MSR1 and CD36 facilitates the uptake of

modified lipoproteins [2, 3]. Two M/ membrane proteins

involved in cholesterol efflux are ATP-binding cassette A1

(ABCA1) and scavenger receptor B class 1 (SR-B1) [4].

When the M/ cholesterol influx is greater than the efflux,

cholesterol homeostasis in M/ is disturbed, and cholesterol

accumulation is favored. The resulting M/-derived foam

cells produce reactive oxygen species, which in turn

modify lipoproteins, and secrete pro-inflammatory factors,

which amplify the local inflammatory reaction [1].

Exposure of endothelial cells to inflammatory factors

results in the expression of monocyte chemoattractant

protein-1 (MCP-1) and its receptor, CC chemokine receptor

2 (CCR2), which direct the migration of monocytes into the

intimal wall. Subsequent exposure of the monocytes to M/
colony-stimulating factor causes differentiation to M/.

Overexpression of MCP-1 is positively associated with

monocyte accumulation in fatty streaks [5]. Major pro-

inflammatory factors include interleukin-6 (IL-6) and tumor

necrosis factor alpha (TNFa). They are synthesized by

monocytes/M/ and several other types of cells, such as T

cells, endothelial cells and adipocytes, and in turn stimulate

the synthesis of other inflammatory factors [6, 7]. Dietary

fatty acids and cholesterol have been shown to alter the

concentrations of these biomarkers of inflammation and the

atherogenic process [8–10].

We used the LDL receptor null (LDLr-/-) mouse fed

diets high in saturated fat and cholesterol (atherogenic diet)

or low in those components (control diet) as an animal

model to assess the relationship between aortic lesion

formation and the inflammatory response. Our hypothesis

was that the atherogenic diet would accelerate aortic lipid

accumulation due to induction of an atherogenic lipopro-

tein profile, elevate plasma inflammatory biomarker con-

centrations, increase cholesterol accumulation in and

inflammatory factor secretion from elicited peritoneal M/,

and change expression and protein levels of genes associ-

ated with these processes.

Experimental Procedures

Animals and Diets

Twenty-two 8-week-old, male LDLr-/- mice (Jackson

Laboratory, Bar Harbor, Maine) initially weighing

20.2 ± 2.8 g were placed in individual cages with stain-

less-steel wire bottoms in a windowless room maintained at

22–24�C, 45% relative humidity and a daily 10/14 light/

dark cycle with the light period from 0600 to 1600 hours.

After 1 week of acclimation, mice were weighed and

randomly assigned to one of two groups. The mice were

fed either a control diet low in butterfat (4% fat, w/w, 9%

energy) and cholesterol (0.02%, w/w) or an atherogenic

diet high in butterfat (20% fat, w/w, 38% energy) and

cholesterol (0.2%, w/w) ad libitum. The atherogenic diet

was modified from Harlan Teklad atherogenic diet

TD.88137. The composition of the diets is provided in

Supplementary Table 1, and the fatty acid profile of the

diets is provided in Supplementary Table 2. Body weight

and food intake were recorded weekly over a 32-week

period. In order to ensure adequate quantities of M/ for the

proposed work, 5 days prior to killing, mice were given an

intraperitoneal injection of 1.0 ml Brewer thioglycollate

broth (4.05 g/100 ml) to elicit peritoneal M/ accumulation

[11]. Immediately after a 16–18 h fast, the mice were

anesthetized with CO2 and killed by exsanguination. Blood

was collected by retro-orbital bleeding to harvest serum at

weeks 0, 12 and 32 and by cardiac puncture to harvest

plasma at week 32. Heart, aorta and elicited peritoneal M/
were collected and treated as described in the next section.

Serum and plasma were obtained by blood centrifugation at
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1,1009g at 4�C for 25 min. The animal protocol was

approved by the Animal Care and Use Committee of the

Jean Mayer USDA Human Nutrition Research Center on

Aging, Tufts University, and was in accordance with

guidelines provided by the National Institutes of Health

Guide for the Care and Use of Laboratory Animals. Data

from the mice fed the atherogenic diet were used for

comparison purposes to address an unrelated experimental

question [12].

Atherosclerosis Lesion Quantitation

The mouse hearts were perfused in situ for 1 min with

diethylpyrocarbonate treated-phosphate-buffered saline

(PBS) containing 1.5 lmol/l aprotinin and 0.1 mmol/l

phenylmethylsulfonyl fluoride through a cannula inserted

into the left ventricle. Eight randomly chosen aortas were

dissected from the aortic root to the iliac bifurcation using

a stereoscopic zoom microscope. As a measure of athero-

sclerotic lesion, total cholesterol (TC) and free cholesterol

(FC) were quantified (8 aortas/group) as previously

described [13, 14]. Esterified cholesterol (EC) was calcu-

lated as the difference between the two measures. The

residual delipidated aortic tissue was digested in 1N NaOH,

and total protein was determined using a bicinchoninic acid

(BCA) kit (Pierce Ins., Rockford, IL).

Immunohistochemistry

In each group of mice, three randomly chosen aortic

arches, from the left aortic valve to the right subclavian

artery branch, were embedded in OCT compound (Tissue-

Tek 4583; Sakura Finetek), snap-frozen in liquid nitrogen

and stored at -80�C until sectioning. The aortic arches

were sectioned at a 5-lm thickness and stained in the

pathology facility at New England Medical Center.

Rat anti-mouse monocyte/M/ antibody (MCA519G;

Serotec, Raleigh, NC) was used to identify monocyte/M/
deposition.

Serum Lipid Profile

Serum TC, HDL-cholesterol (HDL-C) and triglyceride

concentrations were measured using an Olympus AU400

analyzer with enzymatic reagents (Olympus America,

Melville, NY). Non-HDL-cholesterol (non HDL-C) was

calculated as the difference between TC and HDL-C [15].

Plasma Concentrations of Inflammatory Factors

Plasma TNFa, IL-6 and MCP-1 concentrations were mea-

sured using Quantikine� ELISA kits (R&D Systems,

Minneapolis, MN).

Elicited Peritoneal M/ Culture and Stimulation

Immediately after harvesting, elicited peritoneal M/ were

cultured in RPMI1640 medium (ATCC, Manassas, VA)

containing 2% heat-inactivated fetal bovine serum (Invit-

rogen, Carlsbad, CA) for 2 h (1 9 106 cells per ml). One

million cells were stimulated with 1 lg/ml lipopolysac-

charide (LPS) for 15 h, and inflammatory factors released

into the culture medium were measured. The remaining

cells were washed with PBS three times and used for the

measurement of cholesterol content, fatty acid profile,

mRNA and protein levels of genes involved in inflamma-

tion and cholesterol accumulation.

Cholesterol content and fatty acid profile: elicited peri-

toneal M/ TC, FC and protein concentrations were

determined as described above for the aorta. M/ fatty acid

profiles were determined by gas chromatography as pre-

viously described [16].

Secretion of inflammatory factors: TNFa, IL-6 and

MCP-1 secretion from LPS-stimulated elicited peritoneal

M/ were measured using DuoSet� ELISA kits (R&D

Systems, Minneapolis, MN). Elicited peritoneal M/
attached to the culture plates were digested with 0.5N

NaOH, and total protein was determined using BCA kits

(Pierce Ins., Rockford, IL).

Western blot and real-time PCR: protein was extracted

from elicited peritoneal M/ using RIPA kit (Santa Cruz,

Santa Cruz, CA). Western blotting was performed as previ-

ously described [15] with the following primary antibodies:

SR-B1 (Novus Biologicals, Littleton, CO), ABCA1 (Novus

Biologicals, Littleton, CO), CD36 (Cascade Bioscience,

Winchester, MA) and b-actin (Sigma, St. Louis, MO). Sig-

nals were visualized by chemiluminescence (Amersham

Biosciences, Piscataway, NJ) and quantified using a GS-800

calibrated densitometer (Bio-Rad, Hercules, CA).

RNA was extracted from M/ using RNeasy mini kit

(Qiagen, Valencia, CA). cDNA was synthesized from RNA

using SuperScriptTM II reverse transcriptase according to

the manufacturer’s instruction (Invitrogen, Carlsbad, CA).

Primers for peroxisomal proliferator activated receptor

(PPAR)b, PPARc, MSR1, CD36, SR-B1, ABCA1, MCP-1,

TNFa and b-actin (Table 1) were designed using Primer

Express version 2.0 (Applied Biosystems, Foster City,

CA). b-actin was used as an endogenous control. Primer

amplification efficiency and specificity were verified for

each set of primers. cDNA levels of the genes of interest

were measured using power SYBR green master mix on

real-time PCR 7300 (Applied Biosystems, Foster City,

CA). cDNA levels of IL-6 and PPARa were measured

using Taqman� gene expression assays and Taqman�

PreAmp master mix kit (Applied Biosystems, Foster City,

CA). The reaction condition was 95�C for 10 min, 40

cycles of 95�C for 15 s, 60�C for 1 min and one cycle of

Lipids (2010) 45:701–711 703
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dissociation stage. mRNA fold change was calculated

using the 2[-Delta Delta C(T)] method [17].

Statistical Methods

Prior to statistical testing, data were checked for normality,

and appropriate transformations were made when neces-

sary (PROC UNIVARIATE; SAS version 9.1, SAS Insti-

tute Inc, Cary, NC). Unpaired Student’s t test (PROC

TTEST) was performed to compare group means. Differ-

ences were considered significant at P \ 0.05. Untrans-

formed data are presented in text, figures and tables as

mean ± standard deviation (SD).

Results

Animal Body Weight and Food Intake

With one exception at the 10-week feeding point, there was

no significant difference in the body weight between mice

fed the two experimental diets during the 32-week feeding

period (data not shown). Although the weight of food eaten

was higher in the mice fed the control diet, on the basis of

energy intake, the two groups were similar.

Aortic Lesion Composition

Shown in Fig. 1a is a representative aorta from each group

of mice. Chemical composition of eight aortas per group

indicated that mean TC was 5.5-fold (P \ 0.001) higher in

mice fed the atherogenic compared to control diet

(Fig. 1b). This was contributed by higher amounts of both

FC (4.9-fold, P \ 0.001) and EC (6.4-fold, P \ 0.001).

There was stronger staining for M/ in the cross sections of

aortic arch isolated from the atherogenic compared to

control diet-fed mice (Fig. 1c).

Serum Lipid Profile

Although similar at baseline, serum non-HDL-C

(P \ 0.001) concentrations and ratios of TC to HDL-C

(P \ 0.001) were significantly higher in the atherogenic

relative to control diet-fed mice at the 12-week feeding

point, and these differences were maintained throughout

the study period (Fig. 2). By the end of the 32-week

feeding period, serum HDL-C concentrations declined

Table 1 Mouse

oligonucleotide sequences of

primers

Gene name Accession no. Forward primer Reverse primer

ABCA1 NM_013454 CCTGCTAAAATACCGGCAAGG GTAACCCGTTCCCAACTGGTTT

SR-B1 NM_016741 TGGAACGGACTCAGCAAGATC AATTCCAGCGAGGA TTCGG

CD36 NM_007643 ATTAATGGCACAGACGCAGC CCGAACACAGCGTAGATAGACC

MSR1 AF203781 TCTACAGCAAAGCAACAGGAGG TCCACGTGCGCTTGTTCTT

TNFa NM_013693 TGTAGCCCACGTCGTAGCAAA GCTGGCACCACTAGTTGGTTGT

MCP-1 NM_011333 TCTCTCTTCCTCCACCACCATG GCGTTAACTGCATCTGGCTGA

PPARb/d NM_011145 AGTGCGATCGGATCTGCAAGA TCCAAAGCGGATAGCGTTGTG

PPARc NM_011146 TCTTAACTGCCGGATCCACAAA CCAAACCTGATGGCATTGTGA

b-Actin NM_007393 CTTTTCCAGCCTTCCTTCTTGG CAGCACTGTGTTGGCATAGAGG

Fig. 1 Representative aortas from each diet group; white areas

denote atherosclerotic lesion (a); aortic cholesterol content in whole

aortas (b), and M/ immunostaining by an antibody to mouse M/
surface marker in the cross-sections of aortic arches (c) in LDLr-/-

mice. Magnified (9200) images of aortic arch cross sections. The

intensity of the brown color corresponds to the presence of M/.

n = 11 in each group. Values are mean ± SD. Unpaired Student’s

t test (PROC TTEST) was performed to compare two group values.

The difference is expressed as ***P \ 0.001
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similarly between the two groups of mice, 35 and 28% in

mice fed the control and atherogenic diets, respectively.

During that same time period, triglyceride concentrations

increased by 94 and 139% in the mice fed the control and

atherogenic diets, respectively.

Plasma Concentrations of Inflammatory Factors

At the end of the 32-week feeding period, the mice fed the

atherogenic relative to control diet had significantly higher

plasma concentrations of all three of the inflammatory

factors assessed: MCP-1 (144%, P \ 0.01), TNFa (325%,

P \ 0.01) and IL-6 (188%, P \ 0.001) (Fig. 3).

Elicited Peritoneal M/ Fatty Acid Profiles

The total SFA, monounsaturated fatty acid (MUFA) and

polyunsaturated fatty acid (PUFA) profile of the elicited

peritoneal M/ was similar between the two diet groups.

With the exception of small differences, the percentage of

omega (x)-6 PUFA (P \ 0.01) was significantly lower,

whereas that of x-3 PUFA (P \ 0.001) was significantly

higher in the elicited peritoneal M/ isolated from the

atherogenic relative to control diet-fed mice (Table 2).

Although alpha-linolenic acid (ALA, C18:3x-3) levels

were higher than eicosapentaenoic acid (EPA, C20:5x-3)

and docosahexaenoic acid (DHA, C22:6x-3) in both diets,

DHA plus EPA levels were 18-fold higher than ALA in

elicited peritoneal M/ isolated from the two groups of

mice. Although linoleic acid (LNA, C18:2x-6) levels were

more than 60-fold higher than arachidonic acid (ARA,

C20:4x-6) in both diets, ARA levels were 1.8-fold and

1.4-fold higher than LNA in elicited peritoneal M/ isolated

from mice fed the control and atherogenic diet,

respectively.

Fig. 2 Serum lipid profiles in

LDLr-/- mice. Serum was

obtained at 0-, 12- and 32-week

post-diet interventions. n = 11

in each group. Values are

mean ± SD of untransformed

data. Prior to the statistical

analysis the following

transformations were made: TG

at 0 week (inverse), HDL at

12 week (square), non-HDL-C

at 12 week (inverse),

TC/HDL-C at 32 week

(square). Unpaired Student’s

t test (PROC TTEST) was

performed to compare two

group values. The difference

is expressed as **P \ 0.01,

***P \ 0.001

Fig. 3 Plasma concentrations of inflammatory factors in LDLr-/-

mice. n = 11 in each group. Values are mean ± SD of untransformed

data. Prior to the statistical analysis, the following transformations

were made: MCP-1 (inverse) and IL-6 (inverse). Unpaired Student’s

t test (PROC TTEST) was performed to compare two group values.

The difference is expressed as **P \ 0.01, ***P \ 0.001
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Elicited Peritoneal M/ Cholesterol Content

To examine the potential relationship between aortic and

M/ cholesterol accumulation, we measured elicited peri-

toneal M/ cholesterol content. Elicited peritoneal M/ TC

was 34% (P \ 0.01) higher in the atherogenic relative to

control diet-fed mice (Fig. 4). This was accounted for

primarily by the EC fraction, which was 104% (P \ 0.01)

higher in the atherogenic diet-fed mice.

mRNA and Protein Levels of Genes Involved

in Cholesterol Accumulation in Elicited Peritoneal M/

To investigate the mechanism(s) underlying the higher EC

content in the elicited peritoneal M/ harvested from the

mice fed the atherogenic diet, we measured the protein and

mRNA levels of genes involved in cholesterol accumula-

tion. The atherogenic diet resulted in significantly higher

ABCA1 mRNA (P \ 0.01) and protein (P \ 0.01) levels,

albeit a modest difference, whereas SR-B1 and CD36

mRNA and protein levels were similar between two diet

groups (Fig. 5a, c). There was no significant effect of diet

treatment on mRNA levels of MSR1, PPARa, PPARb/d
and PPARc.

mRNA Levels and Secretion of Inflammatory Factors

in/From Elicited Peritoneal M/

To explore whether plasma concentrations of inflammatory

factors were determined by M/ secretion, we measured

MCP-1, TNFa and IL-6 mRNA levels and secretion in/

from elicited peritoneal M/. MCP-1 secretion was 51%

higher (P \ 0.01) in mice fed the atherogenic relative to

control diet (Fig. 5b). This was accompanied by 1.5-fold

higher MCP-1 mRNA levels (P \ 0.05) (Fig. 5c). There

was no significant effect of diet treatment on TNFa and

IL-6 mRNA levels in and secretion from elicited peritoneal

M/—suggesting these cells were not a major determinant

of plasma TNFa and IL-6 concentrations.

Table 2 Peritoneal M/ membrane fatty acid profile (mol %)

Fatty acid Diet

Controla Atherogenicb

SFA 37.58 ± 6.43 34.74 ± 6.21

C12:0 0.31 ± 0.15 0.38 ± 0.34

C14:0 1.10 ± 0.10 1.86 ± 0.21***

C16:0 24.33 ± 4.56 21.51 ± 3.38

C18:0 11.48 ± 2.11 10.60 ± 3.09

C20:0 0.15 ± 0.10 0.14 ± 0.07

C22:0 0.10 ± 0.03 0.10 ± 0.07

C24:0 0.12 ± 0.02 0.14 ± 0.04

MUFA 38.38 ± 3.51 42.54 ± 6.01

C16:1x-9 1.05 ± 0.15 1.30 ± 0.06**

C16:1x-7 4.17 ± 0.68 4.04 ± 1.27

C18:1x-9 24.43 ± 2.82 28.69 ± 5.47

C18:1x-7 6.44 ± 0.59 5.57 ± 1.20

C20:1x-9 0.88 ± 0.07 1.13 ± 0.19**

C22:1x-9 0.27 ± 0.08 0.31 ± 0.12

C24:1x-9 0.62 ± 0.18 0.66 ± 0.28

PUFA 24.04 ± 4.73 22.72 ± 2.49

x-6 22.20 ± 4.16 16.61 ± 1.91**

C18:2 5.15 ± 0.88 4.68 ± 0.86

C18:3 0.03 ± 0.03 0.02 ± 0.01

C20:2 1.38 ± 0.17 1.03 ± 0.14***

C20:3 1.23 ± 0.30 1.31 ± 0.30

C20:4 9.22 ± 2.17 6.43 ± 1.17**

C22:2 0.96 ± 0.26 1.34 ± 1.42

C22:4 4.18 ± 1.16 1.67 ± 0.43***

C22:5 0.05 ± 0.05 0.15 ± 0.19

x-3 1.84 ± 0.62 6.11 ± 0.67***

C18:3 0.07 ± 0.02 0.19 ± 0.04***

C20:5 0.21 ± 0.19 1.03 ± 0.73***

C22:5 0.50 ± 0.12 2.45 ± 0.38***

C22:6 1.07 ± 0.40 2.44 ± 0.69***

n = 11 in each group. Values are mean ± SD of untransformed data.

Prior to the statistical analysis, the following transformations were

made: C16:0 (square), C20:1 (inverse), C20:2 (inverse), C20:5x-3

(square root), C22:2 (1/square root), C22:5x-6 (square root), PUFA

(inverse), x-6 PUFA (inverse). Unpaired Student’s t test (PROC

TTEST) was performed to compare two group values. Within a row

the difference is expressed as **P \ 0.01, ***P \ 0.001
a Control: low saturated fatty acid and low cholesterol diet
b Atherogenic: high saturated fatty acid and high cholesterol diet

Fig. 4 Elicited peritoneal M/ cholesterol content in LDLr-/- mice.

n = 11 in each group. Values are mean ± SD of untransformed data.

Prior to the statistical analysis, FC (inverse) was transformed.

Unpaired Student’s t test (PROC TTEST) was performed to compare

two group values. The difference is expressed as **P \ 0.01,

***P \ 0.001
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Discussion

In humans, consumption of high SFA and cholesterol diets

is positively associated with cardiovascular disease (CVD)

risk [18, 19]. The inflammatory process is a major con-

tributor to the development of atherosclerotic plaque

[1, 20]. IL-6, MCP-1 and TNFa are important biomarkers

of inflammation [6, 21, 22]. Epidemiological studies have

shown a positive association between the Western-type diet

and plasma MCP-1, IL-6 and TNFa concentrations

[23–25]. The present study is the first to simultaneously

assess the effect of an atherogenic diet in the LDLr-/-

mouse on atherosclerotic lesion formation, aortic M/
accumulation, plasma inflammatory factor concentrations,

cholesterol accumulation and inflammatory factor secretion

in/from elicited peritoneal M/ isolated from these mice,

and M/ gene expression and protein levels associated with

these processes. We demonstrated that diet-induced ath-

erosclerotic lesion formation in LDLr-/- mice was asso-

ciated with higher inflammatory response. Changes in

peritoneal M/ isolated from these mice may, in part, have

exacerbated the aortic lesion formation.

LNA and ALA were the most abundant x-6 fatty acids,

and accounted for more than 84 and 79% of total x-6 and

x-3 fatty acids in two diets, respectively. ARA only

accounted for 0.2 and 1.4% of total x-6 fatty acids in the

control and atherogenic diet, respectively. However, ARA

accounted for about 41.5 and 38.7% of total x-6 fatty acids

in elicited peritoneal M/ isolated from the control and

atherogenic diet-fed mice, respectively. The percentage of

LNA was about one third less than that of ARA in elicited

peritoneal M/ isolated from two groups of mice. ALA

represented about 3% of total x-3 fatty acids in elicited

peritoneal M/. EPA and DHA were the most abundant x-3

fatty acids and accounted for more than 56% of total x-3

fatty acids in elicited peritoneal M/. These data suggest

that peritoneal M/ selectively accumulated longer chain

unsaturated fatty acids in their membrane, independent of

the fatty acid profile of the diet. Similar data have been

reported by others [26]. Whereas the total SFA, MUFA and

PUFA prolife of the elicited peritoneal M/ was similar

between the two groups of mice, the x-6 PUFAs were

significantly higher, and x-3 PUFAs were significantly

lower in elicited peritoneal M/ isolated from the control

relative to atherogenic diet-fed mice. ARA accounted for

about 38.4 and 28.3% of total PUFA in elicited peritoneal

M/ isolated from the control and atherogenic diet-fed

mice, respectively. EPA plus DHA accounted for about

5.3 and 15.3% of total PUFA in elicited peritoneal M/
isolated from the control and atherogenic diet-fed mice,

Fig. 5 Protein levels of

ABCA1, SR-B1 and CD36 (a),

secretion of MCP-1, TNFa and

IL-6 (b), and mRNA levels of

genes (c) in/from elicited

peritoneal M/ isolated from

LDLr-/- mice at the end of the

32-week feeding period. n = 11

in each group. Values are

mean ± SD of untransformed

data. Prior to the statistical

analysis, mRNA levels of TNFa
[1/log(TNFa)] were

transformed. Unpaired

Student’s t test (PROC TTEST)

was performed to compare two

group values. The difference is

expressed as *P \ 0.05,

**P \ 0.01
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respectively. ARA was significantly lower and EPA plus

DHA significantly higher in elicited peritoneal M/ isolated

from the atherogenic relative to control diet-fed mice.

Further studies are required to detect whether these dif-

ferences are a result of uptake of cholesterol-rich lipopro-

teins or specific fatty acid synthesis caused by diets or

inflammation.

Overexpression of MCP-1 has been positively related to

monocyte accumulation in the arterial vessel wall, a major

event leading to the development of atherosclerosis [5, 27].

Studies in humans have shown that elevated serum MCP-1

concentrations are an inflammatory biomarker positively

associated with CVD [27–29]. In MCP-1 and LDL receptor

double null mice, lower monocyte deposition and vessel

wall lipid accumulation have been observed compared to

LDLr-/- mice [30, 31]. LDLr-/- mice fed a Western

diet had elevated plasma MCP-1 concentrations, which

were associated with more aortic lesion area compared to

the mice fed chow diet [32]. In this study, in elicited per-

itoneal M/, both MCP-1 mRNA levels and secretion were

significantly higher in LDLr-/- mice fed the atherogenic

diet compared to those fed the control diet. This is con-

sistent with previous reports that a similar atherogenic diet

resulted in higher MCP-1 mRNA levels in and protein

secretion from adipocytes in mice [32–34]. Although the

atherogenic diet resulted in elevated plasma IL-6 and TNFa
concentrations, there was no significant difference in

mRNA and secretion of TNFa and IL-6 from elicited

peritoneal M/ isolated from two groups of mice. TNFa and

IL-6 can be produced by liver, endothelial, adipocytes or T

cells [35–37]. Preliminary work suggested that liver TNFa
and IL-6 production was 1.5-fold (P \ 0.05) and 2.0-fold

higher (P \ 0.05), respectively, in mice fed the atherogenic

relative to control diet despite higher plasma concentra-

tions of these cytokines (unpublished data). These data

suggest that elevated plasma IL-6 and TNFa concentrations

were mediated, as least in part, by liver cells.

Apolipoprotein E-deficient mice fed a high SFA and

cholesterol diet had significantly higher MCP-1 mRNA

levels in both liver and aorta compared to mice fed only a

high SFA diet [38]. The atherogenic diet might increase the

expression of MCP-1 through upregulated Toll-like

receptor 4 (TLR4). Stimulation of TLR4 by LPS can

induce activation of nuclear factor-kappa B (NF-kB) and

expression of cytokines [39]. TLR4 is expressed in murine

and human lipid-rich atherosclerotic lesions, and colocal-

ized with M/ both in murine atherosclerotic lesion and

human shoulder coronary artery plaque [40]. In vitro

studies have shown that oxidized LDL (ox-LDL) can

upregulate the expression of TLR4 in human monocyte-

derived M/ [40]. We cannot rule out the possibility that

high levels of ox-LDL in the atherogenic diet-fed mice

stimulated the expression of TLR4, which increased the

binding of LPS, and further upregulated the expression of

MCP-1. Due to the limited number of elicited peritoneal

M/ obtained from each mouse, we could not test the above

hypotheses in this study.

In this study, ARA levels were significantly higher than

EPA plus DHA in the elicited peritoneal M/ isolated from

two groups of mice. In addition, the percentage of ARA

was significantly higher, whereas that of EPA plus DHA

were significantly lower, in the elicited peritoneal M/
isolated from the control relative to atherogenic diet-fed

mice. Our previous study [41] has shown that ARA sig-

nificantly lowered MCP-1 mRNA levels and secretion from

M/ differentiated from THP-1 monocytes. ARA and EPA

had a more pronounced effect than DHA. ARA can

be metabolized to 15-deoxy-delta12,14-PGJ2 (15dPGJ2), a

natural ligand for PPARc [42]. 15dPGJ2 has been consis-

tently shown to have anti-inflammatory properties by

serving as a potent agonist to activate PPARc [43, 44].

Some studies have shown that activated PPARc could be a

promoter-specific repressor of NF-kB target genes that

regulate inflammation in M/ [45]. There was not a sig-

nificant difference in the PPARc expression in the elicited

peritoneal M/ isolated from two groups of mice. ARA

might lower MCP-1 expression through activating PPARc
instead of changing its expression.

The atherogenic diet resulted in more M/ deposition in

the aortic wall. In situ, these cells play an important role

not only in the inflammatory response, but also in uptake of

modified LDL, and accumulation and deposition of cho-

lesterol [46, 47]. Based on the results from previous studies

[11, 48, 49], the expression and production of inflammatory

factors is comparable between resident and elicited peri-

toneal M/. In our study, elicited peritoneal M/ were used

to ensure an adequate number of cells were harvested.

Elicited peritoneal M/ TC and EC content change was

similar to that seen in the aortas of the respective mice. To

determine whether the difference in M/ cholesterol con-

tent resulting from the two different diets was due to an

imbalance of influx or efflux, we assessed mRNA and

protein levels of two genes involved in cholesterol efflux,

SR-B1 and ABCA1, and two genes involved in cholesterol

influx, MSR1 (only mRNA levels) and CD36. There was

no significant difference in protein levels of CD36 and

SR-B1 in elicited peritoneal macrophages isolated from the

two groups of mice. An antibody to detect protein levels of

MSR1 was not available. The atherogenic diet resulted in

higher mRNA and protein levels of ABCA1 in this study,

but not the other factors assessed. These data are consistent

with other studies showing that M/ ABCA1 expression is

upregulated in atherosclerotic lesions, as a compensatory

mechanism in response to cholesterol enrichment [50, 51].

ABCA1 is a direct transcriptional target of liver-X-recep-

tors (LXR) [52–54]. LXR is activated by cholesterol
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metabolites. We speculate that higher circulating lipo-

protein concentrations, especially apolipoprotein B-con-

taining lipoproteins, would favor increased M/
cholesterol content, which in turn would alter cellular

cholesterol homeostasis and trigger an upregulation

of ABCA1 expression. The atherogenic diet may

have activated LXR through increasing M/ production

of LXR ligands, such as 22(R)-hydroxycholesterol and

27-hydroxycholesterol. Ligand activated-LXR can upregulate

ABCA1 gene expression and enhance ABCA1-mediated

cholesterol efflux from elicited peritoneal M/ isolated

from the atherogenic diet-fed mice. In addition to the

cholesterol enrichment-induced regulation, it has been

reported that SFA increase and PUFA decrease ABCA1

expression at both transcription and post-translation levels

[55, 56]. However, there was no significant difference in

SFA and PUFA composition in elicited peritoneal M/
isolated from two groups of mice. The higher levels of TC

and EC in the peritoneal M/ may have resulted from

higher circulation oxLDL concentrations, upregluation of

genes associated with cholesterol influx or/and downregu-

lation of genes associated with cholesterol efflux, which

were not determined due to limited numbers of M/ har-

vested from each mouse.

In summary, these data suggest that LDLr-/- mice fed

a diet high in SFA and cholesterol, relative to the control

diet, had higher plasma inflammatory factor concentra-

tions, less favorable lipoprotein profiles, higher elicited

peritoneal M/ cholesterol accumulation and inflammatory

factor secretion, and more M/ deposition in the aortic wall,

which in turn were associated with greater aortic choles-

terol accumulation.
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Abstract In the screening of DNA polymerase (pol)

inhibitor, we isolated lutein, a carotenoid, from the crude

(unrefined) pressed oil of canola (low erucic acid rapeseed,

Brassica napus L.). Commercially prepared carotenoids

such as lutein (1), zeaxanthin (2), b-cryptoxanthin (3),

astaxanthin (4), canthaxanthin (5), b-carotene (6), lycopene

(7), capsanthin (8), fucoxanthin (9) and fucoxanthinol (10),

were investigated for the inhibitory activities of pols.

Compounds 1, 2 and 8 exhibited strong inhibition of the

activities of mammalian pols b and k, which are DNA

repair- and/or recombination-related pols. On the other

hand, all carotenoids tested had no influence on the activity

of a mammalian pol a, which is a DNA replicative pol.

Lutein (1) was the strongest pol inhibitor of mammalian

pols b and k in the prepared ten carotenoids tested, but did

not influence of the activities of mammalian pols a, c, d and

e. The tendency for pols b and k inhibition by these

carotenoids showed a positive correlation with the sup-

pression of TPA (12-O-tetradecanoylphorbol-13-acetate)-

induced inflammation. These results suggest that cold

pressed unrefined canola/rapeseed oil, or other oils with

high levels of lutein and other carotenoids, may be useful

for their anti-inflammatory properties.

Keywords Lutein � Carotenoids � Canola/rapeseed �
Industrial waste � DNA polymerase (pol) �
Enzyme inhibitor � Anti-inflammation �
Structure and bioactivity relationship

Abbreviations

Pol DNA polymerase (EC 2.7.7.7)

TPA 12-O-tetradecanoylphorbol-13-acetate

dsDNA Double-stranded DNA

dTTP 20-deoxythymidine 50-triphosphate

DNase I Deoxyribonuclease I

HIV-1 Human immunodeficiency virus type-1

DMSO Dimethyl sulfoxide

Introduction

Our laboratory has long been interested in the integrity of

the genome of eukaryotes and its relation to cell differen-

tiation. DNA replication, recombination and repair in

eukaryotes are key systems to maintain these processes [1],

and DNA polymerases (pols) have important roles. Pol
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catalyzes the addition of deoxyribonucleotides to the

30-hydroxyl terminus of primed double-stranded DNA

(dsDNA) molecules [2]. In this regard, we have concen-

trated our efforts on investigating eukaryotic pols associ-

ated with these processes [3].

The human genome encodes at least 14 pols to conduct

cellular DNA synthesis [4, 5]. Eukaryotic cells contain

three replicative pols (a, d and e), mitochondrial pol c, and

at least ten non-replicative pols (b, f, g, h, i, j, k, l, m and

REV1) [4–6]. Pols have a highly conserved structure,

which means that their overall catalytic subunits vary, on

the whole, very little among species. Conserved structures

usually indicate important, irreplaceable functions of the

cell, the maintenance of which provides evolutionary

advantages. Because not all functions of eukaryotic pols

have been fully elucidated, selective inhibitors of pols are

useful tools for distinguishing pols and clarifying their

biological functions. Pols are not only essential for DNA

replication, repair and recombination, but are also involved

in cell division. Selective inhibitors of pol are considered a

group of potentially useful anticancer and antiparasitic

agents, because some inhibitors suppress human cancer cell

proliferation and have cytotoxicity [7].

We have therefore been searching for natural com-

pounds that selectively inhibit each of these eukaryotic pols

[7, 8]. In this study, we screened pol inhibitors from

Canola/rapeseed (Brassica napus L.) crude extract, which

is the screw pressed component after canola oil production.

We isolated lutein, a carotenoid, as a mammalian pol

inhibitor, focused on the anti-inflammatory effect of the

carotenoids (i.e., compounds 1 to 10), and investigated the

chemical constituents which inhibited the activities of pols

and anti-inflammation.

Experimental Procedures

Materials

The crude (unrefined) oil of canola (low erucic acid rape-

seed, Brassica napus L.) was pressed by J-Oil Mills Inc.

(Yokohama, Japan). Lutein (1), zeaxanthin (2), b-crypto-

xanthin (3), astaxanthin (4), canthaxanthin (5), b-carotene

(6), lycopene (7), capsanthin (8) and fucoxanthin (9) were

purchased from Sigma-Aldrich Japan K.K. (Tokyo, Japan),

and the purity of these carotenoids was *98%. Fucox-

anthinol (10) was enzymatically converted from fucoxan-

thin (9), as described by Tsukui et al. [9]. The chemically

synthesized DNA template and nucleotides, such as

poly(dA) and [3H]-deoxythymidine 50-triphosphate (dTTP)

(43 Ci/mmol), were purchased from GE Healthcare

Bio-Sciences (Little Chalfont, UK). DNA primer, such as

oligo(dT)18, was customized by Sigma-Aldrich Japan K.K.

(Hokkaido, Japan). All other reagents were of analytical

grade and purchased from Nacalai Tesque Inc. (Kyoto,

Japan).

Structure Determination

The NMR spectra (1H and 13C) were recorded on a Bruker

400 MHz spectrometer (Avance DRX-400). The IR spec-

trum was recorded on a Jasco FT/IR-410 spectrometer. The

mass spectrum was obtained with an Applied Biosystems

mass spectrometer (APIQSTAR pulsar i).

Enzymes

Pol a was purified from calf thymus by immuno-affinity

column chromatography, as described by Tamai et al. [10].

Recombinant rat pol b was purified from E. coli JMpb5, as

described by Date et al. [11]. The human pol c catalytic

gene was cloned into pFastBac. Histidine-tagged enzyme

was expressed using the BAC-TO-BAC HT Baculovirus

Expression System according to the supplier’s manual

(Life Technologies, MD, USA) and purified using Pro-

Boundresin (Invitrogen Japan, Tokyo, Japan) [12]. Human

pols d and e were purified from the nuclear fraction of

human peripheral blood cancer cells (Molt-4) using the

second subunit of pols d and e-conjugated affinity column

chromatography, respectively [13]. Recombinant human

His-pol k was overexpressed and purified according to a

method described by Shimazaki et al. [14]. Fish pol d was

purified from the testis of cherry salmon (Oncorhynchus

masou) [15]. Fruit fly pols a, d and e were purified from

early embryos of Drosophila melanogaster, as described by

Aoyagi et al. [16, 17]. Pol a from a higher plant, cauli-

flower inflorescence, was purified according to the methods

outlined by Sakaguchi et al. [18]. The Klenow fragment of

pol I from E. coli and human immunodeficiency virus type-1

(HIV-1) reverse transcriptase (recombinant) were pur-

chased from Worthington Biochemical Corp. (Freehold,

NJ, USA). T4 pol, Taq pol, T7 RNA polymerase and T4

polynucleotide kinase were purchased from Takara Bio

(Tokyo, Japan). Bovine pancreas deoxyribonuclease I

(DNase I) was obtained from Stratagene Cloning Systems

(La Jolla, CA, USA).

DNA Polymerase Assays

The reaction mixtures for pol a, pol b, plant pol a and pro-

karyotic pols were described previously [19, 20], and those

for pol c, and pols d and e were as described by Umeda et al.

[12] and Ogawa et al. [21], respectively. The reaction mix-

ture for pol k was the same as for pol b. For pols, poly(dA)/

oligo(dT)18 (A/T = 2/1) and dTTP were used as the DNA

template-primer and nucleotide (i.e., dNTP) substrate,
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respectively. For HIV-1 reverse transcriptase, poly(rA)/

oligo(dT)18 (A/T = 2/1) and dTTP were used as the

template-primer and nucleotide substrate, respectively.

The compounds were dissolved in distilled dimethyl

sulfoxide (DMSO) at various concentrations and sonicated

for 30 s. Aliquots of 4 ll sonicated samples were mixed

with 16 ll of each enzyme (final amount 0.05 units) in

50 mM Tris–HCl (pH7.5) containing 1 mM dithiothreitol,

50% glycerol and 0.1 mM EDTA, and kept at 0 �C for

10 min. These inhibitor-enzyme mixtures (8 ll) were

added to 16 ll of each enzyme standard reaction mixture,

and incubation was carried out at 37 �C for 60 min, except

for Taq pol, which was incubated at 74 �C for 60 min.

Activity without the inhibitor was considered 100%, and

the remaining activity at each concentration of the inhibitor

was determined relative to this value. One unit of pol

activity was defined as the amount of enzyme that cata-

lyzed the incorporation of 1 nmol dNTP (i.e., dTTP) into

synthetic DNA template-primers in 60 min at 37 �C under

the normal reaction conditions for each enzyme [19, 20].

Other DNA Metabolic Enzymes Assays

The activities of calf primase of pol a, T7 RNA polymer-

ase, T4 polynucleotide kinase and bovine DNase I were

measured in standard assays according to the manufac-

turer’s specifications, as described by Tamiya-Koizumi

et al. [22], Nakayama and Saneyoshi [23], Soltis and

Uhlenbeck [24], and Lu and Sakaguchi [25], respectively.

Anti-Inflammatory Assay

The mouse inflammatory test was performed according to

Gschwendt’s method [26]. This experiment complied with

the regulations concerning animal experimentation and the

care of experimental animals of Kobe-Gakuin University.

Briefly, a solution of the test compound in acetone (250 lg

and 500 lg/20 ll) was applied to the inner part of the ear.

Thirty minutes after the test compound was applied, a

solution of 12-O-tetradecanoylphorbol-13-acetate (TPA)

(0.5 lg/20 ll of acetone) was applied to the same part of

the ear. To the other ear of the same mouse, methanol and a

TPA solution were applied as a control. After 7 h, a disk

(6 mm in diameter) was obtained from the ear and

weighed. The inhibitory effect (IE) of inflammation is

presented as the ratio of the increase in weight of the ear

disks: IE: {[(TPA only)-(tested compound plus TPA)]/

[(TPA only)-(vehicle)] 9 100}.

Molecular Simulation

The molecular structure of lutein (1) was constructed based

on Discovery Studio (DS) 2.1 (Accelrys, Inc., San Diego,

CA) on a PC terminal (Express; NEC) linked with Regatta

(96 nodes; IBM). Energy minimization was achieved using

a solvation model and calculated by the GBSW parameter

with Minimization and Dynamics protocols within DS. The

calculation used a CHARMm (Chemistry at HARvard

Macromolecular Mechanics) force-field.

Results

Isolation of the Mammalian Pol Inhibitor

from the Pressed Extract of Canola/Rapeseed

(Brassica napus L.)

Since the chloroform-soluble phase of the Canola/rapeseed

crude pressed extract (1 g extract per 10 ml chloroform)

had inhibitory activity against mammalian pols, the chlo-

roform extract (50 g) was subjected to SiO2 column

chromatography and then eluted with CHCl3:MeOH (v/v

50:1). The active fractions were purified by SiO2 column

chromatography using benzene:MeOH (v/v 15:1). The

active fractions were subjected to SiO2 column chroma-

tography and then eluted with n-hexane : acetone (v/v 3:1).

The active fractions were finally purified by Sephadex LH-

20 column chromatography eluted with CHCl3:MeOH (v/v

1:1). Finally, a yellow powder (compound 1) was obtained

(5.8 mg).

Structure Determination of Compound 1

The molecular formula of compound 1 was determined to

be C40H56O2 by the high resolution mass spectrum. The

presence of two secondary hydroxyl groups was revealed

by two methine signals at d 4.00 and 4.25 and IR absorp-

tion at 3416 cm-1. The 1H- and 13C-NMR spectra showed

that compound 1 has a polyene structure and ten methyl

groups. From the above data, compound 1 was identified as

a carotenoid, lutein. These spectroscopic data were con-

sistent with those reported [27, 28]. The analyzed data of

compound 1 are shown below.

Lutein (1): 1H NMR (400 MHz, CDCl3) : d = 0.85 (3H, s),

1.00 (3H, s), 1.07 (6H, s), 1.37 (1H, dd, J = 13.2 Hz,

6.8 Hz), 1.48 (1H, t, J = 12.0 Hz), 1.63 (3H, s), 1.74 (3H, s),

1.77 (1H, m), 1.84 (1H, dd, J = 13.2 Hz, 6.0 Hz), 1.91

(3H, s), 1.97 (3H, s), 1.97 (3H, s), 1.97 (3H, s), 2.04 (1H,

dd, J = 16.8 Hz, 9.6 Hz), 2.36-2.42 (2H, m), 4.00 (1H, m),

4.25 (1H, m), 5.43 (1H, dd, J = 15.6 Hz, 10 Hz), 5.55 (1H, s),

6.12 (2H, m), 6.14–6.17 (3H, m), 6.24 (1H, m), 6.26 (1H, m),

6.36 (1H, d, J = 14.8 Hz), 6.36 (1H, d, J = 14.8 Hz),

6.58–6.68 (4H, m). 13C NMR (100 MHz, CDCl3):

d = 12.75, 12.75, 12.81, 13.1, 21.6, 22.9, 24.3, 28.7, 29.5,

30.3, 34.0, 37.1, 42.5, 44.6, 48.4, 55.0, 65.1, 65.9, 124.5,

124.8, 124.9, 125.6, 126.2, 128.7, 130.0, 130.1, 130.8,
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131.3, 132.6, 132.6, 135.1, 135.7, 136.4, 136.5, 137.6,

137.6, 137.72, 137.74, 138.0, 138.5. IR (NaCl): 3416,

3018, 2960, 2927, 2867, 1577, 1443, 1368, 1037,

970 cm-1. HRMS (ESI): m/z calcd for C40H56O2Na

([M ? Na]?): 591.4172, found: 591.4180.

Effects of Lutein-Related Carotenoids (Compounds

1–10) on Mammalian Pols a, b and k

First, we investigated the pol inhibitory activity of the

purified compound 1 compared with the commercially

purchased reagent (specially purified grade of lutein),

which showed the same strong inhibitory effect (data not

shown); therefore, we used the commercially purified

reagent in later parts of this study.

We obtained commercially-available carotenoids, lutein

(1), zeaxanthin (2), b-cryptoxanthin (3), astaxanthin (4),

canthaxanthin (5), b-carotene (6), lycopene (7), capsanthin

(8) and fucoxanthin (9), and fucoxanthinol (10) was

enzymatically synthesized from fucoxanthin (9), as

described by Tsukui et al. [9]. The inhibitory activity of

calf pol a, rat pol b and human pol k against 10 and

100 lM of each compound was investigated (Fig. 1). In

mammalian pols, pol a and pols b and k were used as

representative replicative pol and repair/recombination-

related pols, respectively [5, 29]. All compounds tested had

no influenced on pol a activity (Fig. 1a), but lutein (1),

zeaxanthin (2) and capsanthin (8) inhibited the activities of

pols b and k (Fig. 1b, c). The inhibitory effect on pol b
showed the same tendency as that on pol k, lutein (1) had

the strongest inhibitory effect on these pols of the tested

compounds, and the effect of the three compounds ranked

as follows: lutein (1) [ zeaxanthin (2) [ capsanthin (8).

When activated DNA (i.e., DNA digested by bovine DNase I)

was used as the DNA template-primer instead of poly

(dA)/oligo(dT)18 (A/T = 2/1), the mode of inhibition by

these compounds did not change (data not shown).

Effects of Lutein (1) on Various Pols and Other DNA

Metabolic Enzymes

Since lutein (1) was the strongest inhibitor of mammalian

pols b and k in the carotenoids (compounds 1–10) inves-

tigated (Fig. 1), we focused on lutein (1) in this section. As

shown in Table 1, this compound only inhibited pols b and k
activities in mammalian pols, and these pols were dose-

dependently suppressed to the same extent, with IC50 val-

ues of 45.0 and 12.8 lM, respectively. On the other hand,

lutein (1) had no significant influence on the activities of

fish (cherry salmon) pol d, insect (fruit fly) pols a, d and e,
pol a from plants (cauliflower) and prokaryotes, such as the

Klenow fragment of E. coli pol I, T4 pol and Taq pol. This

compound did not inhibit the activities of the other DNA

metabolic enzymes tested, including calf primase of pol a,

HIV-1 reverse transcriptase, T7 RNA polymerase, T4

polynucleotide kinase and bovine DNase I.

a

DNA polymerase α activity (%)

Lutein (1)

Zeaxanthin (2)

β-Cryptoxanthin (3)

Astaxanthin (4)

Canthaxanthin (5)

β-Carotene (6)

Lycipene (7)

Capsanthin (8)

Fucoxanthin (9)

Fucoxanthinol (10)

b 

DNA polymerase β activity (%)

Lutein (1)

Zeaxanthin (2)

β-Cryptoxanthin (3)

Astaxanthin (4)

Canthaxanthin (5)

β-Carotene (6)

Lycipene (7)

Capsanthin (8)

Fucoxanthin (9)

Fucoxanthinol (10)

c

DNA polymerase λ activity (%)

Lutein (1)

Zeaxanthin (2)

β-Cryptoxanthin (3)

Astaxanthin (4)

Canthaxanthin (5)

β-Carotene (6)

Lycipene (7)

Capsanthin (8)

Fucoxanthin (9)

Fucoxanthinol (10)

0 20 40 60 80 100

0 20 40 60 80 100

0 20 40 60 80 100

Fig. 1 Inhibitory effect of carotenoids (compounds 1–10) on the

activities of mammalian pols. Ten lM (gray bar) and 100 lM (black
bar) of each compound was incubated with calf pol a (a), rat pol b
(b) and human pol k (c) (0.05 units each). Percent relative activity is

shown. Pol activity in the absence of the compound was taken as

100%. Data are shown as the means ± SEM of three independent

experiments
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To determine whether the inhibitor resulted in binding to

DNA or the enzyme, the interaction of lutein (1) with

dsDNA was investigated based on the thermal transition of

dsDNA with or without the compound. The Tm of dsDNA

with an excess amount of lutein (1) (100 lM) was mea-

sured using a spectrophotometer equipped with a thermo-

electric cell holder. In the concentration range used,

thermal transition of Tm was not observed, whereas ethi-

dium bromide used as a positive control, a typical inter-

calating compound, produced a clear thermal transition.

We then investigated whether an excessive amount of

nucleic acid (i.e., poly(rC)) or protein (i.e., bovine serum

albumin (BSA)) could prevent the inhibitory effect of

lutein (1) to determine whether the effect resulted from

their non-specific adhesion to mammalian pols b and k, or

selective binding to specific sites. Poly(rC) and BSA had

little or no influence on the pol inhibitory effect of lutein

(1), suggesting that binding to the pol molecule occurs

selectively. These observations indicated that lutein (1) did

not intercalate to DNA as a template-primer, and the

compound could directly bind to the enzyme and inhibit its

activity.

These results suggested that lutein (1) might be a potent

and selective inhibitor of mammalian repair/recombination-

related pols, such as pols b and k.

Anti-Inflammatory Effects of Lutein-Related

Carotenoids (Compounds 1–10)

We previously reported a relationship between mammalian

pol k inhibitors and anti-inflammatory activity [30–33].

Using the mouse inflammatory test, we examined the anti-

inflammatory properties of the carotenoids. An application

of TPA (0.5 lg) to the ear induced edema, the weight of an

ear disk 7 h after the application having increased 241%.

As shown in Fig. 2, lutein (1) achieved the strongest

reduction in TPA-induced inflammation among the com-

pounds tested, and the inhibitory effect was 31.4 and 54.0%

for 250 and 500 lg/ear, respectively. The 2nd and 3rd

compounds, zeaxanthin (2) and capsanthin (8), respec-

tively, showed inhibitory effects, but other compounds had

little or no effect on inflammation. The effect of ten

carotenoids on anti-inflammation showed almost the same

tendency as the inhibitory effect on pols b and k (Fig. 1).

TPA is a compound that promotes tumorigenesis

[34], and is generally used as an artificial inducer of

Table 1 IC50 values of lutein (1) on the activities of various DNA

polymerases and other DNA metabolic enzymes

Enzyme IC50 value (lM)

Mammalian DNA polymerases

Calf DNA polymerase a [200

Rat DNA polymerase b 45.0 ± 2.3

Human DNA polymerase c [200

Human DNA polymerase d [200

Human DNA polymerase e [200

Human DNA polymerase k 12.8 ± 0.7

Fish DNA polymerases

Cherry salmon DNA polymerase d [200

Insect DNA polymerases

Fruit fly DNA polymerase a [200

Fruit fly DNA polymerase d [200

Fruit fly DNA polymerase e [200

Plant DNA polymerases

Cauliflower DNA polymerase a [200

Prokaryotic DNA polymerases

E. coli DNA polymerase I (Klenow fragment) [200

T4 DNA polymerase [200

Taq DNA polymerase [200

Other DNA metabolic enzymes

Calf primase of DNA polymerase a [200

HIV-1 Reverse transcriptase [200

T7 RNA polymerase [200

T4 polynucleotide kinase [200

Bovine deoxyribonuclease I [200

This compound was incubated with each pol (0.05 units) and other

DNA metabolic enzymes. One unit of pol activity was defined as the

amount of enzyme that catalyzed the incorporation of 1 nmol of

dNTP (i.e., dTTP) into the synthetic DNA template-primers (i.e.,

poly(dA)/oligo(dT)18, A/T = 2/1) in 60 min at 37 �C under normal

reaction conditions for each enzyme. Enzyme activity in the absence

of the compound was taken as 100%. Data are shown as the means ±

SEM of four independent experiments

Anti-inflammatory effect (%)

Lutein (1)

Zeaxanthin (2)

β-Cryptoxanthin (3)

Astaxanthin (4)

Canthaxanthin (5)

β-Carotene (6)

Lycipene (7)

Capsanthin (8)

Fucoxanthin (9)

Fucoxanthinol (10)

0 10 20 30 40 50 60

Fig. 2 Anti-inflammatory activity of carotenoids (compounds 1–10)

toward TPA-induced edema on mouse ear. 250 lg (gray bar) and

500 lg (black bar) of compounds 1–10 were applied individually to

one ear of each mouse, and after 30 min TPA (0.5 lg) was applied to

both ears. Edema was evaluated after 7 h. The inhibitory effect is

expressed as the percentage of edema. Data are shown as the

means ± SEM of six independent experiments
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inflammation [35, 36]. TPA-induced inflammation can be

distinguished from acute inflammation, and is accompanied

by fibroblastic proliferation and granulation. These results

suggested that the molecular basis of the so-called pro-

motion of oncogenesis involves a biochemical process

which requires pols, especially repair/recombination-

related pol k; therefore, some carotenoids, such as lutein (1),

could have anti-inflammatory activity based on its inhibi-

tion of mammalian pol k.

Structure and Bioactivity Relationship

of Lutein-Related Carotenoids

Lutein (1), a xanthophyll family of carotenoid, consists of

chains with 8 conjugated double bonds (polyene chain)

containing closed rings at each end of the chain. Zeaxan-

thin (2) is a stereoisomer of lutein (1), differing only in the

location of a double bond in one of the hydroxyl groups.

Figure 3a shows the chemical structures between bioactive

a

Lutein (1)

Zeaxanthin (2)

Capsanthin (8)

The bioactive carotenoids

HO

OH

Canthaxanthin (5)

β-Carotene (6)

Lycopene (7)

Fucoxanthinol (10)

HO

O

O
O

HO
O

Astaxanthin (4)

β-Cryptoxanthin (3)

HO

OH

O
O

HO
Fucoxanthin (9)

HO

OH

HO

HO

O

OH

O

O

O

O

OH

HO

b 

Fig. 3 Chemical structures of

bioactive carotenoids.

a Bioactive carotenoids, which

have mammalian pols b and k
inhibitory activity and anti-

inflammatory activity, are

shown. Lutein (1), zeaxanthin

(2), b-cryptoxanthin (3),

astaxanthin (4), canthaxanthin

(5), b-carotene (6), lycopene

(7), capsanthin (8), fucoxanthin

(9) and fucoxanthinol (10).

Hydroxyl and ketone groups are

highlighted by red and blue
circles, respectively. b Stick

model of energy-minimized

three-dimensional structure of

lutein (1) was built using the

Discovery Studio (DS) 2.1

modeling software (Accelrys

Inc., San Diego, CA, USA).

Carbons, oxygens and

hydrogens are indicated in gray,

red and white, respectively.

Electrostatic potential over

commonly surfaces was also

analyzed using DS. Blue areas
are positively charged, red
areas are negatively charged,

and white areas are neutral
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carotenoids [i.e., lutein (1), zeaxanthin (2) and capsanthin

(8)] and other compounds. In the bioactive carotenoids,

two hydroxyl groups (i.e., red circles in Fig. 3a) one on

each side of the carotenoid molecule must be important for

pols b and k inhibition and anti-inflammation. Although

astaxanthin (4) has two hydroxyl groups on both side rings,

this compound did not show prominent inhibitory activities

against these pols and the anti-inflammatory effect; there-

fore, two ketone groups (i.e., blue circles in Fig. 3a) on

both sides of the carotenoid molecule markedly prevented

these activities. Since fucoxanthin (9) and fucoxanthinol

(10) had no inhibitory effects on pol activity and inflam-

mation, these frames of the carotenoids must significantly

prevent bioactivity.

Lutein (1) was the strongest inhibitor of mammalian

pols b and k and had the strongest anti-inflammation

activity of the carotenoids tested. To obtain information

about the molecular basis of the difference in inhibition

between lutein (1) and its nine related carotenoids, com-

putational analysis was performed using molecular simu-

lation and surface analysis software. As shown in Fig. 3b,

energy-minimized three-dimensional structure of lutein (1)

is stick shaped, and both sides of the compound consist of a

ball-like conformation. The length and width of this mol-

ecule were 30 and 5.0 Å, respectively, which might fit the

pocket of the active site in mammalian pols b and k. Lutein

(1) consists of both hydrophilic ends and a hydrophobic

center, and the distribution of positive- and negative-

charged regions in the hydrophilic areas of the both sides

must be important for bioactivity.

Discussion

Evaluation of the purified carotenoids (compounds 1–10)

revealed that the inhibitory activities of pols b and k had a

high correlation with the anti-inflammatory effect (Figs. 1, 2).

On the other hand, no compounds affected the activity of

replicative pol a. These results led to the speculation that

TPA-induced inflammation may involve a process requir-

ing repair/recombination-related pols.

Pols b and k are in the pol X family [37]. Although the

in vivo biochemical function of pol k is unclear as yet, pol k
appears to work in a similar manner to pol b. Pol b, which

is widely known to have roles in the short-patch base

excision repair (BER) pathway [38–41], plays an essential

role in neural development [42]. Recently, pol k was found

to contain 50-deoxyribose-5-phosphate (dRP) lyase activ-

ity, but no apurinic/apyrimidinic (AP) lyase activity [43]

and to be able to substitute pol b in in vitro BER, sug-

gesting that pol k also participates in BER. Northern blot

analysis indicated that transcripts of pol b were abundantly

expressed in the testis, thymus, and brain in rats [44], but

pol k was efficiently transcribed mostly in the testis [37].

Bertocci et al. [45] reported that in mutant mice in which

pol k was knocked out were not only viable and fertile, but

also displayed a normal hyper-mutation pattern.

TPA not only causes inflammation, but also influences

cell proliferation and has physiological effects on cells

because it is a tumor promoter [36]; therefore, anti-

inflammatory agents are expected to suppress both mam-

malian cell proliferation and DNA replication/repair in

nuclei related to the action of TPA. Since pol k is a repair-

related pol [46], the result that the molecular target of

carotenoids was pol k is well-matched. If so, the pol k
inhibitor might be an inhibitor of chronic inflammation. A

positive relationship between anti-inflammatory and pol

k-inhibitory activities was found, and this might be useful

as a new and convenient in vitro assay to screen for novel

anti-chronic inflammatory compounds.

Lutein (1) is one of over 600 known naturally occurring

carotenoids. Found in green leafy vegetables such as

spinach and kale, this compound is employed by organisms

as an antioxidant and for blue light absorption. Lutein is

sometimes present in plants as fatty-acid esters, with one or

two fatty acids bound to the two hydroxyl groups. Sapon-

ification of lutein esters yields lutein in approximately a

1:2 M ratio. This compound is also found in egg yolks,

animal fats and the corpus luteum. Lutein is a lipophilic

molecule and is generally insoluble in water. The presence

of the long chromophore of conjugated double bonds

provides the distinctive light-absorbing properties. The

polyene chain is susceptible to oxidative degradation by

light or heat and is chemically unstable in acids. Lutein is

widely known as the primary nutrient for protecting ocular

function. No toxicities or adverse reactions have been

reported in the scientific literature for lutein at doses of up

to 40 mg daily for 2 months [47]. It has long been thought

that carotenoid intake also reduces the risk of certain forms

of cardiovascular disease [48–50], stroke [51, 52] and

cancer [53, 54]. From this study, we could suggest that

some carotenoids, such as lutein, have new bioactivity as

anti-inflammation.

In conclusion, the inhibitory effects on repair/recombi-

nation-related pols had the same tendency as on TPA-

induced inflammation, suggesting that the inhibitory activity

of pol k might be important for the anti-inflammatory effect.

A biologically active carotenoid, lutein, was isolated from

pressed unrefined canola (rapeseed) oil. It is likely that a

significant portion of the lutein would be removed during the

bleaching step of conventional refining, bleaching and

deodorization [55]. A cold pressed unrefined canola oil may

have valuable anti-inflammatory properties and inhibit

mammalian pol k. Carotenoids, especially lutein (1), may

provide valuable structural information that can be used in a

drug design strategy for new anti-inflammatory agents.
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Abstract Increased oxidative stress is associated with

type-2 diabetes and related cardiovascular diseases, but

oxidative modification of LDL has been partially charac-

terized. Our aim was to compare the lipid and fatty acid

composition as well as the redox status of LDL from dia-

betic patients and healthy subjects. First, to ensure that

isolation of LDL by sequential ultracentrifugation did not

result in lipid modifications, lipid composition and perox-

ide content were determined in LDL isolated either by

ultracentrifugation or fast-protein liquid chromatography.

Both methods resulted in similar concentrations of lipids,

fatty acids, hydroxy-octadecadienoic acid (HODE) and

malondialdehyde (MDA). Then, LDLs were isolated by

ultracentrifugation from eight type-2 diabetic patients and

eight control subjects. Compared to control LDL, diabetic

LDL contained decreased cholesteryl esters and increased

triglyceride concentrations. Ethanolamine plasmalogens

decreased by 49%. Proportions of linoleic acid decreased in

all lipid classes, while proportions of arachidonic acid

increased in cholesteryl esters. Total HODE concentrations

increased by 56%, 12- and 15-hydroxy-eicosatetraenoic

acid by 161 and 86%, respectively, and MDA levels

increased by twofold. a-Tocopherol concentrations,

expressed relative to triglycerides, were lower in LDL from

patients compared to controls, while c-tocopherol did not

differ. Overall, LDL from type-2 diabetic patients dis-

played increased oxidative stress. Determination of

hydroxylated fatty acids and ethanolamine plasmalogen

depletion could be especially relevant in diabetes.

Keywords Diabetes � Fatty acids � Peroxidation �
Plasmalogens � Ultracentrifugation � Fast-protein liquid

chromatography

Abbreviations

BHT Butylhydroxytoluene

CE Cholesteryl ester

DMA Dimethylacetal

ELSD Evaporative light-scattering detector

Etn-PL Ethanolamine phospholipids

FPLC Fast-protein liquid chromatography

GPE Glycerophosphoethanolamine

HETE Hydroxy-eicosatetraenoic acid

HODE Hydroxy-octadecadienoic acid

MDA Malondialdehyde
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MUFA Monounsaturated fatty acids

PC Phosphatidylcholine

PL Phospholipid

PUFA Polyunsaturated fatty acids

SFA Saturated fatty acids

SM Sphingomyelin

TBA Thiobarbituric acid

TBARS Thiobarbituric acid reactive species

TG Triacylglycerols

UC Ultracentrifugation

Introduction

Type-2 diabetes is associated with an increased risk for

atherosclerosis. There is strong evidence that oxidative

stress plays a key role in the onset of diabetes [1] and in the

development of vascular complications of the disease [2].

Low-density lipoproteins (LDL) are important targets of

oxidation, and oxidative modification of LDL is involved

in the pathogenesis of atherosclerosis [3]. Oxidative stress

has been mostly assessed in plasma from diabetic patients,

which showed increased concentrations of thiobarbituric

acid-reactive species (TBARS) [4] and isoprostanes [5],

both end-products of lipid peroxidation. Evidence for

increased oxidative stress in LDL from type-2 diabetic

patients is indirect, mostly based on increased plasma

levels of autoantibodies against oxidatively modified LDL

[6]. More data on specific parameters of LDL oxidation are

therefore needed and could be useful to define predictive

biomarkers for cardiovascular risk.

The aim of this study was to assess oxidative stress

specifically in LDL from type-2 diabetic patients compared

to LDL from healthy subjects. First, we compared the lipid

composition and redox status of LDL isolated by the

conventional sequential flotation ultracentrifugation (UC)

to that of LDL separated by fast-protein liquid chroma-

tography (FPLC) in order to check if isolation of LDL by

UC did not lead to artifactual oxidation of the particles, as

previously suggested [7]. Then, we performed detailed

analysis of lipid classes including fatty acids and different

complementary markers of lipid peroxidation in diabetic

and control LDL.

Materials and Methods

Blood Collection

Regarding the comparative study of LDL separated by UC

or FPLC, venous blood from three healthy blood donors

(33 ± 13 years) was collected on citrate phosphate

dextrose (citrate 15.6 mM, sodium citrate 89.4 mM,

monosodic phosphate 16.1 mM, dextrose 128.7 mM, pH

5.6, one volume for seven volumes of blood) as an anti-

coagulant. Plasma was immediately separated by centri-

fugation at 1,500g for 10 min and spiked with 1 mM

EDTA and 10 lM butylhydroxytoluene (BHT).

Regarding the clinical study, type-2 diabetic patients

(8 men, aged 59 ± 2 years) recruited in the Department of

Endocrinology and Metabolic Diseases (HCL Lyon) were

matched for sex and age to healthy subjects (8 men, aged

51 ± 4 years). Exclusion criteria were smoking, antioxi-

dant/vitamin supplementation, anti-aggregatory drugs and

insulin treatment. Hypolipidemic drug (statins and fibrates)

treatment was suspended for 7 days before venipuncture.

Control subjects were in good health as assessed by med-

ical history, and exclusion criteria were any pathology

including diabetes. Written informed consent was obtained

from all participants, and the study was approved by the

local ethics committee (CCP Sud Est IV). Plasma was

separated by centrifugation at 1,500g for 10 min of blood

collected on EDTA; 10 lM BHT was added to plasma,

which was immediately frozen at -80�C under nitrogen for

further characterizations.

LDL Isolation by Ultracentrifugation

LDLs (density 1.019–1.063) were separated from plasma

by potassium bromide stepwise UC. UC was carried out in

a TLA 100.3 fixed-angle rotor of a Beckman TL-100 table

top UC (Beckman Coulter France, Roissy CDG, France).

The LDL fraction was dialyzed extensively against phos-

phate buffered saline (NaCl 136.8 mM, KCl 2.6 mM,

KH2PO4 1.71 mM, Na2HPO4, 12H2O 8 mM, pH 7.2)

containing 1 mM EDTA.

LDL Isolation by FPLC

LDLs were isolated from plasma by gel filtration chroma-

tography at 4�C as previously described [8] and modified

as follows [9]. Briefly, a BioRad System FPLC (Bio-Rad

Laboratories, Marnes-la-Coquette, France) equipped with a

Superose 6 HR 10/30 column (GE Healthcare Europe

GmbH, Munich, Germany) was used with 10 mM Tris-HCl,

150 mM NaCl, pH 7.4 buffer containing 2 mM EDTA

and 0.02% sodium azide as a running buffer. After loading

filtered plasma, chromatography was carried out with a

flow rate of 0.3 ml/min under a pressure of 150 psi. Frac-

tions of 0.3 ml were collected, and the concentrations of

triglycerides (TG) and total cholesterol in the eluted frac-

tions were measured (BioMérieux, Marcy l’Etoile, France).

LDL fractions were concentrated on a Millipore filter of

30,000 MW (10 min at 4,000g).
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Protein, Total LDL Cholesterol and Triacylglycerol

Determinations

Colorimetric determination of protein concentration was

processed according to the modified Lowry method [10].

Enzymatic determination of total cholesterol and TG were

processed using commercial kits (BioMérieux, Marcy

l’Etoile, France).

LDL Cholesterol Determination

Lipid classes were separated by HPLC coupled to an

Evaporative Light Scattering Detector (ELSD) according

to the modified method of Seppanen-Laakso [11].

Fatty Acid Composition of LDL Lipid Classes

After the addition of appropriate internal standards

(1,2-diheptadecanoyl-sn-glycero-3-phosphocholine, 1,2-di-

heptadecanoyl-sn-glycero-3-phosphoethanolamine, 1,2,3-tri-

heptadecanoyl-sn-glycerol and heptadecanoyl cholesteryl

ester), total LDL lipids were extracted twice by the addi-

tion of ethanol (3 vol) and chloroform (6 vol) in the pres-

ence of BHT (50 lM). Lipid classes were then separated

by thin-layer chromatography. The first solvent mixture

chloroform/methanol (80:8, v/v) allowed us to separate

neutral lipids from phospholipids (PL). The second solvent

mixture chloroform/methanol/water (63:27:4, by vol.)

separated phosphatidylcholines (PC), ethanolamine phos-

pholipids (Etn-PL) and sphingomyelins (SM). Neutral lip-

ids were separated in TG and cholesteryl esters (CE) by a

second thin-layer chromatography using hexane/diethy-

lether/acetic acid (80:20:1, by vol.) as solvent. The different

spots were scrapped off, treated with trifluoride boron/

methanol (1:1, v/v) for 90 min at 100�C. The derivatized

fatty acid methyl esters were then extracted twice with

isooctane and separated by GLC, using an HP 6890 gas

chromatograph equipped with a SP 2380 capillary column

(0.25 lm, 30 m 9 0.25 mm, Supelco, Bellefonte, PA).

Quantification of Total LDL Monohydroxylated

Fatty Acids

Following the lipid extraction as described above, dried

extracts were subjected to ethanolic hydrolysis with 10 M

KOH for 20 min at 60�C [12]. No reduction of lipid

hydroperoxides was carried out. Non-esterified hydroxyl-

ated fatty acids and fatty acids were first separated on an

Oasis Sep-Pak cartridge column (Waters, Milford, MA).

The column was activated with 6 ml of methanol and 6 ml

of water before loading the sample. Then, it was washed

with 8 ml of 2% NH4OH water and 8 ml of methanol.

Products were eluted with 8 ml of acetonitrile/2-propanol

(60:40, v/v) containing 5% formic acid. Non-esterified

hydroxylated fatty acids were secondly separated by thin-

layer chromatography with hexane/diethylether/acetic acid

(60:40:1, by vol.) as mobile phase and extracted from silica

with methanol. Then, hydroxylated fatty acids were sepa-

rated by reverse phase-HPLC on X Bridge C18 column

(3.5 lm, 4.6 9 150 mm column, Waters, Milford, MA)

using a gradient solvent of acetonitrile and water (pH 3)

and detected at 235 nm.

Malondialdehyde Determination in LDL

Malondialdehyde (MDA) concentration was determined by

RP-HPLC according to the method of Therasse and Lem-

onnier [13]. LDL samples, mixed with thiobarbituric acid

(TBA) (10 mM), acetic acid and BHT (5 mM), were

heated for 60 min at 95�C. The TBA-MDA adducts were

then extracted with ethyl acetate and separated onto a

Nucleosil C18 column (5 lm, 4.6 9 250 mm, Macherey–

Nagel, Hoerdt, France) using methanol/water (20:80, v/v)

as mobile phase. Detection was performed by fluorimetry

(excitation 515 nm, emission 553 nm).

Vitamin E Determination in LDL and Plasma

Tocopherol concentrations were determined by RP-HPLC

[14]. Tocopherols were first extracted from LDL and

plasma (1 vol) twice with hexane (4 vol) after the addition

of ethanol (1 vol). Then, they were separated onto a

Nucleosil C18 column (5 lm, 4 9 150 mm, Macherey-Nagel,

Hoerdt, France) using methanol/water (98:2, v/v) as mobile

phase. Detection was performed by fluorimetry (excitation

295 nm, emission 340 nm) and quantification was allowed

by the addition of tocol as an internal standard.

Statistical Analysis

Results are expressed as the mean ± SEM. Comparisons

between groups were performed using a non-parameter

Mann-Whitney test. Statistical significance was established

at p B 0.05. Correlation coefficients were determined

using linear regression analysis.

Results

Comparison of LDL Isolated by Ultracentrifugation

and Fast-Protein Liquid Chromatography

In order to determine whether isolation of LDL by UC

generated LDL with a lipid composition and lipid redox
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status comparable to those issued from FPLC separation,

fresh plasma samples from healthy volunteers were sub-

jected in parallel to the two procedures. There were no

differences between lipid composition in LDL either sep-

arated by UC or FPLC. As expected, CE was the major

lipid class in LDL (51%) followed by cholesterol (29%)

and few TG (3.4%). PCs were the major phospholipids

present in LDL (11%) (data not shown).

The GLC analysis of fatty acid methylesters derived

from Etn-PL allowed us to determine the fatty dimethy-

lacetals (DMA) representative of alkeny,acyl-GPE (or PE

plasmalogens), a subclass particularly sensitive to oxida-

tive stress. No difference in total DMA concentrations

was found between both methods of isolation (6.1 ± 1.7

nmol/mg protein in LDL isolated by UC vs. 4.6 ± 2.9

nmol/mg protein in LDL isolated by FPLC) representing

15.8 ± 4.6% vs. 12.5 ± 8% total fatty acids in Etn-PL,

respectively.

The concentrations of linoleic acid (18:2n-6), the most

abundant polyunsaturated fatty acid (PUFA) and substrate

for lipid peroxidation, were similar in LDL either isolated

by UC or FPLC (1,638 ± 44 vs. 1,543 ± 17 nmol/mg

protein). As shown in Table 1, the stable primary prod-

ucts issued from the peroxidation of 18:2n-6, 9-hydroxy-

octadecadienoic acid (HODE) and 13-HODE represented

0.05% of the parent molecule and were present in similar

concentrations regardless of the LDL isolation method.

The ratio of total HODEs to its parent fatty acid was also

similar in LDL isolated by UC or FPLC. One of the

aldehydes arising from the decomposition of fatty acid

hydroperoxides, MDA, was found to be formed in similar

amounts in LDL either separated by UC or FPLC. Con-

cerning the main antioxidants, a- and c-tocopherol were

present in similar concentrations in LDL isolated by

either method. Overall, the lipid composition and the

redox status were similar whatever the LDL separation

method.

Lipid Composition and Redox Status of LDL

from Diabetic Patients Compared to LDL

from Healthy Subjects

Clinical Characteristics

Type-2 diabetic patients (n = 8) had poorly controlled dia-

betes as shown by elevated values of glycated hemoglobin

HbA1c (10.6 ± 0.9%) and glycemia (9.2 ± 1.3 mM) com-

pared to healthy volunteers (5.4 ± 0.1% and 5.6 ± 0.2 mM,

respectively, n = 8). They presented a metabolic syndrome

as assessed by their large waist circumference of

118.1 ± 8.4 cm, elevated TG of 2.5 ± 0.2 mM and low

HDL-cholesterol of 0.9 ± 0.1 mM [15]. Sex- and age-mat-

ched healthy volunteers had values of waist circumference

(91.3 ± 1.7 cm), TG (1.3 ± 0.1 mM) and HDL-cholesterol

(1.4 ± 0.1 mM) in the expected normal range.

Lipid and Fatty Acid Compositions of Diabetic

LDL Compared to Control LDL

The concentrations of main lipid classes were determined

in LDL from type-2 diabetic patients and healthy subjects

(Table 2). In diabetic LDL, the concentration of CE, the

main LDL lipid class, decreased by 21%, whereas con-

centrations of TG increased by 75%. No changes in cho-

lesterol, PC and Etn-PL concentrations were observed

between the two groups.

The fatty acid composition of the main LDL lipid

classes, namely CE and PC, showed several differences

between diabetic patients and control subjects. As shown in

Table 3, PUFA represented 62% of the total fatty acids in

CE from control LDL, and their proportion significantly

decreased in diabetic LDL. In particular, 18:2n-6, the main

PUFA, decreased, whether expressed in mole percent

(-11%) or in nmol/mg protein (-30%). Arachidonic acid

Table 1 Redox status of LDL isolated by UC or FPLC

UC FPLC

9-HODE (pmol/mg cholesterol) 217 ± 140 196 ± 132

13-HODE (pmol/mg cholesterol) 242 ± 47 228 ± 25

HODE/18:2n-6 (lmol/mol) 519 ± 162 499 ± 151

MDA (pmol/mg cholesterol) 118 ± 9 131 ± 32

a-tocopherol (nmol/mg cholesterol) 3.68 ± 0.58 3.68 ± 0.72

c-tocopherol (nmol/mg cholesterol) 0.39 ± 0.14 0.31 ± 0.06

Values represent means ± SD of three experiments

UC ultracentrifugation, FPLC fast-protein liquid chromatography,

HODE hydroxy-octadecadienoic acid, MDA malondialdehyde

Table 2 Lipid classes in LDL from healthy subjects and type-2

diabetic patients

Lipid class Healthy

subjects

Type-2 diabetic

patients

nmol/mg

protein

nmol/mg

protein

Cholesteryl esters 2,472 ± 152 1,949 ± 110**

Cholesterol 1,112 ± 187 1,199 ± 76

Triacylglycerols 154 ± 16 269 ± 49*

Phosphatidylcholine 504 ± 15 473 ± 12

Ethanolamine phospholipids 17 ± 2 19 ± 2

Values represent means ± SEM of at least six determinations per

group

* p B 0.05 and ** p B 0.01 compared with healthy subjects
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(20:4n-6) proportion significantly increased by 43% in

diabetic LDL, unlike its concentration. An increase in

saturated fatty acid (SFA) proportion was observed, while

the monounsaturated fatty acid (MUFA) proportion was

unchanged between the two groups (Table 3). Concerning

PC, the main PL class, lower proportions and concentra-

tions of the major fatty acid 18:2n-6 (-12 and -17%,

respectively) were present in diabetic LDL compared to

control LDL, while the proportion of 20:4n-6 tended to

increase. No significant changes of SFA and MUFA were

observed (Table 4). In Etn-PL including the PE plasmal-

ogen subclass, DMA represented 22.9% of the total fatty

chains present in Etn-PL from control LDL and only 11.8%

of those in PE from diabetic LDL. The 49% decrease

reflected a significant decrease of each DMA species,

namely 16:0, 18:0 and 18:1n-9 DMA produced by trans-

methylation of the sn-1 position of plasmalogens (Fig. 1). The

sum of DMA species negatively correlated with HbA1c %

(r2 = 0.61, p \ 0.001).

Lipid Peroxide and Antioxidant Content of Diabetic

LDL Compared To Controls

The concentrations of total (both free and esterified)

hydroxylated fatty acids, the stable primary products of

non-enzymatic peroxidation of PUFA, were assessed in

LDL from patients and control groups. As shown in

Table 5, 9-HODE and 13-HODE, derived from 18:2n-6,

were detected, and their concentrations significantly

increased by 49 and 44%, respectively. In addition, the

ratio of total HODE to its parent fatty acid increased by

58% in diabetic LDL. Among hydroxy-eicosatetraenoic

acids (HETE) derived from 20:4n-6, 8-, 11-, 12- and 15-

HETE were detected in LDL from each volunteer, but not

Table 3 Fatty acid composition

of LDL cholesteryl esters from

healthy subjects and type-2

diabetic patients

Values expressed as mole

percent of main fatty acids

and nmol/mg protein are

means ± SEM of at least six

subjects per group

MUFA monounsaturated fatty

acids, PUFA polyunsaturated

fatty acids, SFA saturated fatty

acids

* p B 0.05 and ** p B 0.01

compared with LDL from

healthy subjects

Fatty acid Healthy subjects Type-2 diabetic patients

mol% nmol/mg protein mol% nmol/mg protein

16:0 12.3 ± 0.5 325.7 ± 15.7 13.8 ± 0.4 288.4 ± 15.5

16:1n-7 2.5 ± 0.4 63.7 ± 7.8 2.7 ± 0.4 56.2 ± 9.0

16:1n-9 0.3 ± 0.1 7.4 ± 2.1 0.4 ± 0.1 8.7 ± 1.8

18:0 1.0 ± 0.1 23.3 ± 2.2 1.0 ± 0.1 18.9 ± 2.5

18:1n-7 1.1 ± 0.2 26.0 ± 4.8 0.9 ± 0.3 18.2 ± 5.4

18:1n-9 20.7 ± 0.9 500.5 ± 22.1 22.5 ± 0.8 430.5 ± 19.0

18:2n-6 52.4 ± 1.4 1295.5 ± 102.6 46.6 ± 1.4** 909.3 ± 72.0**

18:3n-3 0.4 ± 0.1 11.2 ± 2.0 0.5 ± 0.1 8.8 ± 2.3

18:3n-6 0.7 ± 0.2 18.3 ± 4.8 0.7 ± 0.2 13.4 ± 3.2

20:3n-6 0.7 ± 0.1 16.6 ± 1.7 0.8 ± 0.1 15.2 ± 2.2

20:4n-6 6.0 ± 0.5 140.7 ± 20.6 8.6 ± 0.7** 151.8 ± 9.5

20:5n-3 1.2 ± 0.3 26.9 ± 5.9 0.9 ± 0.2 15.5 ± 2.6

22:6n-3 0.7 ± 0.1 13.6 ± 1.9 0.6 ± 0.1 10.0 ± 1.7

SFA 13.3 ± 0.6 350.5 ± 17.6 14.8 ± 0.3* 308.4 ± 16.6

MUFA 24.5 ± 1.0 598.5 ± 22.0 26.6 ± 0.6 514.2 ± 19.4*

PUFA 62.2 ± 1.4 1523.2 ± 125.4 58.6 ± 0.8* 1124.2 ± 77.0*

Table 4 Fatty acid composition of LDL phosphatidylcholine from

healthy subjects and type-2 diabetic patients

Fatty

acid

Healthy subjects Type-2 diabetic patients

mol% nmol/mg

protein

mol% nmol/mg

16:0 33.0 ± 0.9 358.7 ± 16.7 34.2 ± 0.4 347.6 ± 9.5

16:1n-7 0.3 ± 0.1 3.7 ± 0.9 0.2 ± 0.1 2.3 ± 0.7

18:0 15.8 ± 0.5 154.8 ± 4.9 15.4 ± 0.8 142.9 ± 9.6

18:1n-7 1.4 ± 0.3 14.0 ± 2.3 1.3 ± 0.3 11.8 ± 2.5

18:1n-9 10.9 ± 0.5 108.4 ± 6.0 11.6 ± 0.4 108.0 ± 5.0

18:2n-6 22.0 ± 0.9 220.0 ± 14.1 19.4 ± 0.7* 181.9 ± 10.3*

18:3n-3 0.2 ± 0.0 1.5 ± 0.2 0.2 ± 0.1 2.0 ± 0.7

18:3n-6 0.1 ± 0.0 0.6 ± 0.2 0.0 ± 0.0 0.3 ± 0.2

20:3n-6 2.9 ± 0.2 26.7 ± 2.2 3.4 ± 0.3 29.3 ± 2.5

20:4n-6 7.8 ± 0.7 71.4 ± 5.6 9.1 ± 1.0 78.0 ± 7.7

20:5n-3 1.2 ± 0.4 10.3 ± 2.8 0.8 ± 0.2 7.0 ± 1.6

22:5n-3 0.3 ± 0.2 2.9 ± 1.4 0.3 ± 0.1 2.7 ± 0.9

22:6n-3 3.3 ± 0.5 27.6 ± 3.3 3.0 ± 0.2 24.3 ± 2.1

SFA 49.1 ± 1.0 516.7 ± 20.1 50.0 ± 0.8 493.7 ± 15.7

MUFA 13.2 ± 0.6 130.4 ± 7.4 13.5 ± 0.4 125.3 ± 4.5

PUFA 37.7 ± 0.8 361.1 ± 11.6 36.4 ± 0.8 326.1 ± 9.7

Values expressed as mole percent of main fatty acids and nmol/mg

protein are means ± SEM of at least six subjects per group

* p B 0.05 compared with LDL from healthy subjects

MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty

acids, SFA saturated fatty acids
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5- and 9-HETE. The concentrations of 12-HETE and 15-

HETE increased by 161 and 86%, respectively, whereas

the ratio of HETE to 20:4n-6 did not increase significantly.

Concentrations of MDA significantly increased by twofold

in diabetic LDL compared to control LDL (102 ± 18 vs.

49 ± 5 pmol/mg cholesterol, respectively, n = 7 to 8).

They positively correlated with HbA1c % (r2 = 0.62,

p \ 0.001).

a-Tocopherol concentrations in LDL did not differ

between patients and controls when expressed per mg cho-

lesterol (3.47 ± 0.43 vs. 2.79 ± 0.24 nmol/mg cholesterol).

However, when expressed relative to TG, a-tocopherol lev-

els significantly decreased by 32% in LDL from diabetic

patients compared to control subjects (14.3 ± 1.1 vs.

21.2 ± 2.5 nmol/mg TG, p \ 0.05). c-Tocopherol did not

significantly change in diabetic LDL compared to control

LDL when expressed per mg cholesterol (0.46 ± 0.08 vs.

0.29 ± 0.06 nmol/mg cholesterol) or per mg TG (1.8 ± 0.3

vs. 2.3 ± 0.5 nmol/mg TG). In plasma, a-tocopherol

concentrations did not differ between diabetic patients

and control subjects (12.2 ± 1.2 vs. 11.9 ± 1.2 lmol/l).

The concentrations of plasma a-tocopherol in patients

(5.4 ± 0.5 mmol/mol TG) were significantly lower than

concentrations in controls (9.8 ± 0.7 mmol/mol TG) when

expressed relative to TG, but not when expressed relative to

cholesterol (2.8 ± 0.5 vs. 2.0 ± 0.2 mmol/mol choles-

terol). c-Tocopherol concentrations were similar in plasma

from diabetic patients and controls (1.7 ± 0.3 vs.

1.6 ± 0.4 lmol/l) and whether expressed relative to cho-

lesterol (0.41 ± 0.10 vs. 0.25 ± 0.06 mmol/mol choles-

terol) or TG (0.68 ± 0.09 vs. 1.22 ± 0.21 mmol/mol TG).

Discussion

In the present study, we first compared LDL isolated by UC

to those isolated by FPLC in order to use a method

expected to minimize the artifactual oxidative modification

of the particles during processing. It has indeed been sug-

gested that conventional UC may cause structural changes

in lipoproteins, whereas FPLC does not affect lipoprotein

structure [7]. Our results show that the isolation of lipo-

proteins by UC or FPLC results in similar concentrations of

lipids, fatty acid proportions and lipid peroxide content in

LDL. Proportions of lipid classes were equivalent in LDL

isolated by either method and close to those reported in the

literature [16, 17]. Concentrations of PE plasmalogens

particularly prone to oxidation [18] were similar in LDL,

whatever the method of isolation, suggesting that the pro-

cedure of UC and dialysis was not more damaging than

FPLC.

Regarding the substrates for lipid peroxidation in LDL

isolated by UC, total concentrations of PUFA were

2,074 nmol/mg protein, including 1,638 nmol/mg protein

of 18:2n-6, in good agreement with published data [19, 20].

Similar concentrations were obtained after FPLC isolation

of LDL (1,961 nmol/mg protein PUFA including

1,543 nmol/mg protein 18:2n-6), indicating that PUFAs

were not more autooxidized in LDL separated by UC and

further dialyzed. In accordance with the PUFA composi-

tion of LDL, very little peroxidation of PUFA occurred in

LDL from healthy volunteers since hydroxylated deriva-

tives of 18:2n-6 (9- and 13-HODE) represented 0.05% of

the parent molecule, whatever the method of LDL isola-

tion. Finally, concentrations of MDA, commonly used as

an index of overall lipid peroxidation, and of tocopherol

isomers, the main LDL antioxidants, were similar in LDL

either isolated by UC and FPLC. This rules out a loss of
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Fig. 1 Plasmalogen alkenyl-chain composition of LDL ethanolamine

phospholipids from healthy subjects and type-2 diabetic patients.

Values, expressed as mole percent of main fatty acids, are

means ± SEM of at least seven subjects per group. ** p B 0.01

compared with LDL from healthy subjects. DMA dimethylacetal

Table 5 Monohydroxylated fatty acids in LDL from healthy subjects

and type-2 diabetic patients

Hydroxylated fatty acid Healthy

subjects

Type-2 diabetic

patients

9-HODE (pmol/mg cholesterol) 148 ± 17 235 ± 21*

13-HODE (pmol/mg cholesterol) 133 ± 18 205 ± 17*

8-HETE (pmol/mg cholesterol) 26 ± 8 44 ± 8

11-HETE (pmol/mg cholesterol) 23 ± 9 43 ± 11

12-HETE (pmol/mg cholesterol) 13 ± 6 34 ± 7*

15-HETE (pmol/mg cholesterol) 29 ± 5 54 ± 8*

HODEs/18:2n-6 (lmol/mol) 394 ± 39 624 ± 42**

HETEs/20:4n-6 (lmol/mol) 822 ± 188 1222 ± 185

Values are means ± SEM of seven subjects per group

* p B 0.05 and ** p B 0.01 compared with LDL from healthy

subjects

HETE hydroxy-eicosatetraenoic acid, HODE hydroxy-octadecadie-

noic acid
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MDA and vitamin E during the dialysis process following

UC, as previously reported [21, 22]. As separation of

lipoproteins by UC led to LDL particles with lipid and lipid

peroxide contents comparable to those issued from FPLC,

UC was used to determine the profile of LDL from type-2

diabetic patients compared to that of LDL from healthy

subjects.

Although there is evidence of increased oxidative stress

in type-2 diabetes, it has been mainly based to date on the

measurement of a single biomarker, not reflecting the

overall oxidative damage. In addition, oxidative stress has

been mostly assessed in plasma [23] and not in LDL. We

provide evidence that LDL from type-2 diabetic patients

displayed increased oxidative stress compared to LDL

from healthy volunteers. First, diabetic LDL showed

increased TG and decreased CE. Such a modified lipid

composition may reflect a higher percentage of small dense

LDLs, which are known to be more prevalent in type-2

diabetes [24, 25]. It has indeed been shown that small,

dense, TG-rich LDL particles are subjected to exchange

processes that remove CE from the core and replace it with

TG [26, 27], and are more susceptible to oxidation [28]. To

identify original markers of oxidative stress in LDL from

diabetic patients, different complementary indices repre-

sentative of different steps in the lipid peroxidation process

were assessed. We show that PE plasmalogens decreased

by 49% in diabetic LDL compared to control LDL. Plas-

malogens were shown to contribute to the oxidation

resistance of LDL and can serve as endogenous antioxi-

dants in situ and in vitro [18, 29]. Loss of plasmalogens in

LDL could represent a marker of oxidative stress in dia-

betic patients. In addition, plasmalogens have been

involved in many diseases [30], but to our knowledge, this

is the first evidence for decreased concentrations of plas-

malogens in type 2 diabetes.

Since 18:2n-6 and 20:4n-6 are the main PUFA in LDL,

their stable primary products of peroxidation, HODE and

HETE, were determined as well as the ratio of oxidation

product to parent fatty acids, described as a biomarker of

oxidation status of LDL [31]. We show for the first time

that both free and esterified HODE, representing 0.04% of

the parent molecule in control LDL, increased by 49% in

LDL from diabetic patients. This reflects free radical per-

oxidation of 18:2n-6 and is in line with the decrease of

18:2n-6 in the PUFA-rich, lipid classes, CE and PC.

Consequently, the HODE to 18:2n-6 ratio was significantly

higher (?58%) in diabetic LDL than in control LDL.

Because of the lack of appropriate standards, we could not

confirm the presence of trans,trans-HODE stereoisomers as

shown in plasma [32, 33], but cannot exclude them. Total

HETE represented 0.08% of the parent molecule in control

LDL, indicating that 20:4n-6 is more susceptible to oxi-

dation. 12- and 15-HETE increased by 161 and 86% in

diabetic LDL, while 8- and 11-HETE tended to increase.

However, there was no significant increase of the HETE to

20:4n-6 ratio due in part to the increased proportion of

20:4n-6 in CE. This paradoxical increase of 20:4n-6 cannot

be explained from the present investigation, but might

result from exacerbation of D6 and D5 desaturase activi-

ties in type-2 diabetes leading to increased production of

20:4n-6 from 18:2n-6. As insulin activates both enzymes

[34], this situation may occur in type-2 diabetes, which is

associated with chronic hyperinsulinemia periods. Finally,

increased lipid peroxidation in LDL from diabetic patients

compared to control LDL was confirmed by twofold

increased concentrations of MDA. This is in agreement

with previously reported increased levels of serum lipid

peroxides, measured as thiobarbituric acid-reactive sub-

stances, in plasma from patients suffering from diabetes

[4, 35]. Regarding the main lipid-soluble antioxidant in

LDL, a-tocopherol, its concentration was significantly

lower in LDL from diabetic patients compared to control

LDL when expressed relative to TG, but not when expres-

sed relative to cholesterol. Similar results were obtained in

plasma. While most studies did not show any difference in

a-tocopherol between diabetic patients and control subjects

[4], a previous study also reported decreased a-tocopherol-

to-TG ratios, but unchanged a-tocopherol-to-total choles-

terol ratios in LDL [36]. Although these results need to

be confirmed in a larger population, the decrease of plasma

and LDL a-tocopherol relative to TG in patients could be

simply due to increased triglycerides levels in diabetic

patients.

Altogether, our results show higher levels of lipid per-

oxidation markers in LDL from poorly controlled type 2

diabetic patients compared to control LDL. Since signifi-

cant negative and positive correlations between HbA1C%

and plasmalogens and MDA, respectively, were observed,

it can be then hypothesized that the increased non-

enzymatic glycation of LDL, as assessed by HbA1C, could

have contributed to the increased non-enzymatic lipid

peroxidation of LDL in patients [37]. The role of these

modified parameters in the biological properties of oxida-

tively modified LDL in atherosclerosis still needs to be

elucidated.

In conclusion, we show that isolation of LDL by UC is

no more damaging than FPLC separation, as far as oxida-

tive modification of lipids is concerned. We give new

information on the baseline values of different and com-

plementary lipid peroxides present in LDL from healthy

subjects, which may serve as references to unravel lipid

abnormalities in LDL from diabetic patients. We also show

that increased lipid peroxidation is present in LDL from

type-2 diabetic patients and may be evidenced by the

measurement of hydroxylated fatty acids and PE

plasmalogens.
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Abstract Isomers of conjugated linoleic acid from 7t9c

through 12t14t can be induced by thermal treatment of

triacylglycerol samples of 9c11t or 10t12c fatty acids in

glass tubes. The formation of conjugated linoleic acids

(CLAs) has been observed during thermal induction of the

above-mentioned triacylglycerols at 250, 280 and 320�C.

The concentrations of isomers formed in the mixture varied

depending on the temperature and duration of the heating

experiments. The objective of this study was to find a

suitable thermal induction temperature and time that can

produce most of the isomers of CLAs from the above-

mentioned triacylglycerols. Such a mixture would give

researchers a reference standard that can be used in the

identification of CLAs in GC analyses of relevant samples.

Fifteen-microlitre portions of the triacylglycerol samples

containing 9c11t/10t12c fatty acid were placed in micro-

glass ampoules, sealed under nitrogen and then subjected to

thermal treatment. The glass ampoules were removed at

regular time intervals, cut open, and part of the samples

was analysed by infrared spectroscopy using attenuated

internal reflectance technique. The remainder of the sam-

ples was subjected to derivatisation into their methyl esters.

The methyl esters of the isomerised fatty acids were then

analysed by gas chromatography after appropriate dilution

in heptane. The results show that the thermally induced

glyceride samples of 9c11t/10t12c fatty acids gave CLA

profiles containing isomers ranging from 7t9c to 12t14t.

However, the concentrations of the isomers are different

depending on the duration of the thermal induction. It

appears that [1,5] sigmatropic rearrangements and posi-

tional isomerisations take place in the heated mixtures. The

rearrangements and positional isomerisations are acceler-

ated by increasing temperature. The glyceride samples

heated to 325�C form isomers within 30 min and provide a

mixture of CLA isomers that can be used as reference

sample containing the methyl esters of CLAs.

Keywords Thermal induction � Isomerisation �
Conjugated linoleic acids � Gas chromatography

Abbreviations

CLA Conjugated linoleic acids

ATR Attenuated total internal reflectance

GC Gas chromatography

FAME Fatty acid methyl esters

Introduction

Research on conjugated linoleic acids (CLA) has become

intense during the past few years because of their effects

on carcinosis, atherosclerosis, the immune system, lipid

metabolism and body composition. Furthermore, the focus

on CLA is also due to their health benefits [1–9].

The conjugated isomers of linoleic acid in milk and fats

are generally found in trans/cis, cis/trans and trans/trans

forms. There are several conjugated linoleic acids present

in milk and fat from the cud-chewing animals. Of these,

9c11t is dominant, with about 80–90% of all the conju-

gated linoleic acids. The isomer 7t 9c was found in most of

the dairy products as the second dominant CLA fatty acid
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[10]. The isomer 9c11t is also thought to be the most

biologically active [1, 2]. There are other isomers of CLAs

in small concentrations [11]. These include cis–cis; trans–

trans; cis–trans and trans–cis isomers of 7,9; 8,10; 9,11;

10,12 and 11,13 CLAs. There are 20 isomers from the

above five CLA positional isomers. Several of these iso-

mers have been identified in different food products. The

9c11t and 10c12t isomers are found in hydrogenated veg-

etable oils [11]. These are also found in equal proportion in

the alkali isomerised methyl linoleate [13]. The concen-

trations of the other isomers are negligible [13].

The identification of different isomers of CLAs in

samples of interest, in a chemical reaction aimed at syn-

thesising CLA isomers or to prove or disprove the presence

or absence of any CLA in a system of interest needs ref-

erence samples of CLAs. The two important CLAs namely

9c11t and 10t12c were prepared in large quantities by

alkali isomerisation of 9c12c linoleic acid [14]. Eulitz et al.

[14] synthesised eight CLA isomers, 8,10 through 11,13,

by isomerising CLA mixtures by p-toluene sulfinic acid or

iodine catalyst. Jain and Proctor [15] synthesised 9c11t,

9t11c, 10t12c and 10c12t CLA isomers in large quantities

for the first time by UV photoirradiation of soya oil in the

presence of iodine catalyst. The photoirradiation was car-

ried out for 144 h to achieve this. Destaillats and Angers

[16] were able to prepare 8t10c and 11c13t CLA isomers

by heat teatment of 9c11t and 10t12c CLAs. Destaillats and

Angers [11] demonstrated that the whole series of CLA

isomers could be produced by starting from a mixture of

methyl esters of 9c11t and 10t12c fatty acids. A two-step

process was necessary in the preparation of these isomers:

a heat-induced [1, 5] sigmatropic rearrangement in the first

step and catalyst-induced positional isomerisation in the

second. The formation of different isomers followed the

mechanistic pathways outlined by Destaillats and Angers

[11].

The chemistry and mechanistic pathways involved in the

formation of CLAs as discussed in the research reports

above spurred interest in looking at alternative ways of

producing the isomers of CLAs. During preliminary

investigations, it came to light that the [1, 5] sigmatropic

transformations and positional isomerisations could be

achieved by subjecting triacylglycerols of CLAs to a suit-

able high temperature. It was also clear that the duration of

thermal treatment altered the concentrations of different

isomers. The procedure adopted for the directed sequential

synthesis of conjugated linoleic acids by Destaillats and

Angers needed a total of 33 h (13 h for sigmatropic rear-

rangement reaction and 20 h for subsequent geometrical

isomerisation) for the synthesis of CLA isomers ranging

from D7,9 to D12,14. A straight-forward procedure that can

reduce the isomerisation time and give a mixture that

contains the same isomers should be preferred. The triacyl

glycerols of 9c11t and 10t12c were selected because these

can be easily prepared through alkali isomerisation, and

then this mixture could be thermally induced to produce all

the other isomers.

The aim of this paper is to demonstrate for the first time

that the formation of CLA isomers ranging from 7,9 to

12,14 can be induced through the thermal induction of the

triacylglycerol of 9c11t or 10t12c fatty acid. Furthermore,

it is also the intention to look at the mechanistic aspects of

the thermal induction for the formation of CLA isomers.

Experimental

Samples and Methods

The triacylglycerols of the 9c11t and 10t12c fatty acids

were purchased from Larodan Chemicals, Sweden. The

chemicals such as methanol, BF3/methanol, NaOH, NaCl

and MgSO4 needed for derivatisation were purchased from

Sigma-Aldrich. Methyl esters of 9c11t and 10t12c were

prepared by esterification of the respective triacylglycerols.

The heating experiments were carried out in micro-glass

ampoules as described in Ref. [17]. Three sets of glass

ampoules containing the triacylglycerol samples were

prepared. The first set of samples containing the triacyl-

glycerols of the 9c11t or 10t12c fatty acids were placed in

small glass vials and placed in a gas chromatographic oven

(Agilent 5890) set at 250�C. Samples were then removed at

24-h intervals until the all the samples were exhausted. The

experiment was repeated in the same manner with the

second and third set of samples at 280 and 325�C except

the samples treated at 325�C were removed at 30-min time

intervals.

Infrared Spectroscopic Measurements

The samples from the thermal induction experiments were

subjected to infrared measurements. A PerkinElmer Spec-

trum One FT-IR spectrometer equiped with a Harrick

single reflectance ATR accessory and lead glycine sulphate

detector was used in measuring the infrared spectra. Each

sample was spread on the ATR crystal using a capillary

glass tube. A total of 30 scans at a resolution of 4 cm-1

were then measured in the range of 4,000 to 600 cm-1 with

previously scanned ATR crystal spectrum as the back-

ground. The ATR crystal was washed with acetone and

dichloromethane after each measurement. A new capillary

tube was used each time for the application of the sample

to avoid cross contamination. All the infrared spectra were

saved in absorbance format. Second derivative spectra of

the absorption spectra were obtained using the derivative

option in the scanning program of the instrument.
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Gas Chromatographic Analysis

The glass ampoules containing the rest of the triacylglyc-

erol samples were subjected to derivatisation as described

in Ref. [17]. The methyl esters of the products of the

thermal induction were extracted in heptane. The GC

analysis was carried out by using a PerkinElmer auto XL

system gas chromatograph. A 100-m capillary column with

0.25 mm internal diameter coated with 0.20-lm-thick

90%-bis-(cyanopropyl)-methyl polysiloxane stationary

phase with a small amount of phenyl groups in the back-

bone of the polymer (HP 88) was used in the separation of

the methyl esters of the fatty acid isomers. A temperature

program with initial temperature 150�C with equilibration

time of 1 min, then a temperature gradient of 0.5�C/min up

to 170�C was used. The temperature was held at 170�C for

40 min. The peak identification was carried out by com-

paring the reported conjugated linoleic acid profiles in

references [10, 11, 13, 14] and methyl esters prepared from

the 9c11t and 10t12c triacylglycerols as described in the

section ‘‘Samples and methods’’. The peaks in the chro-

matograms were then integrated, and their relative per-

centages were calculated using an excel spread sheet.

Results and Discussion

Infrared Spectroscopy

Infrared spectra of the CLA samples from the above

experiments were recorded to confirm and complement

the gas chromatographic analysis. CLAs with cis–trans

and trans–cis configurations give rise to two specific

absorptions at around around 946 and 986 cm-1 because

of the =CH out-of-plane deformation vibration [18]. The

CH out-of-plane deformation vibration of the trans–trans

isomers absorb around 982–988 cm-1, and cis–cis iso-

mers do not absorb in this region. The =CH deformation

vibrations of the methylene interupted cis–trans, trans–cis

and trans–trans linoleic acid isomers absorb at approxi-

mately 967 at 4 cm-1 resolution at room temperature

[19–22].

The second derivative profiles of the infrared spectra of

the 9c11t/10t12c triaclylglycerol samples thermally

induced at 250�C are shown in Fig. 1. The spectra show

that the peak at 947 cm-1 decreases in intensity. The peak

at 985 cm-1 also decreases, but because of the contribution

of the absorption due to the trans-trans isomers of the CLA

formed, the decrease is not parallel to the decrease in the

intensity of the peak at 947 cm-1. There is also a new peak

appearing around 967 cm-1 indicating the formation of

methylene interupted cis–trans/trans–cis/trans–trans iso-

mers in the mixture.

The second derivative profiles of the infrared spectra of

the 9c11t/10t12c triacylglycerol samples thermally induced

at 250, 280 and 325�C are shown in Fig. 2. The spectra in

Fig. 1 Second derivative infrared profiles of thermally treated 9c11t

and 10t12c triacylglycerol samples at 250�C

Fig. 2 Second derivative infrared profiles of thermally treated 9c11t

and 10t12c triacylglycerol samples at 250, 280 and 325�C
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the figure show that the intensity of the second derivative

infrared peaks at 985 cm-1 of the samples thermally

induced for 30 min at 325�C are higher than the peaks of

the samples thermally induced for 24 h at 250 or 280�C.

This is an indication of the formation of relatively higher

concentrations of trans–trans CLAs in the thermally

induced samples. This can be further confirmed by a proper

interactive subtraction of the second derivative spectrum

from the spectrum of starting material. The subtraction was

carried out using the procedure found in the PerkinElmer

instrument software. The results of the substraction are

shown in Fig. 3.

Gas Chromatography

The gas chromatograms of the FAME of the thermally

induced triacylglycerol samples containing 9c11t and

10t12c fatty acids are shown in Figs. 4 and 5, respectively,

CLA profiles are identical to the FAME of most of the CLAs

ranging from 7,9 through 12,14, except their relative con-

centrations. The effect of temperature is clear from the first

two samples of the thermal induction. The samples heated at

280�C contain all the isomers of the CLAs, but their relative

concentrations are small. The trans–trans isomers dominate

in the sample. A comparison of the CLA profiles in the

heated samples at 250, 280 and 325�C show that there are

three pairs of CLA isomers standing out clearly from the rest

of the profiles. They are 9c11t, 8t10c; 10c12t, 9t11c and

11c13t, 10t12c. The relationships between the area per-

centages of the components in the above pairs and thermal

induction times are given in Fig. 6. For each starting mate-

rial, the members in each pair have the similar relative

concentrations in all the test samples. When the thermal

induction experiments were carried out with 9c11t, the rel-

ative concentrations of 9t11c and 10c12t were higher than

the concentrations of 10t12c and11c13t (Fig. 6). The ther-

mal induction with triacylglycerol containing 10t12c shows

again that the concentrations of 9t11c and 10c12t were

higher than the concentrations of the pair 8t10c and 9c11t. It

appears that the isomers 10c12t and 9t11c are at the inter-

mediate position of the [1, 5] sigmatropic transformation

sequence of the three pairs mentioned above.

Mechanism

A figure depicting the [1, 5] sigmatropic transformations

and positional isomerisations in the CLAs from 7,9 through

12,14 is given in Fig. 7. The mechanisms related to the

Fig. 3 Interactive substraction of the second derivative infrared spectrum of the starting material from the spectra of samples thermally induced

at 250�C
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[1, 3] and [1, 5] sigmatropic transformations, and positional

isomerizations can be found in Destaillats and Angers [11,

16] and Christy [23]. The figure is similar to the one for-

mulated by Destaillats and Angers [11, 16] and Christy

[23], but presented collectively in a manner to explain the

appearance of the cis–trans and trans–cis isomers of CLAs

that can be expected in a thermal induction experiment of

another cis–trans CLA isomer. Thermal induction of 9c11t

yields very little or no 11t13c and 12c14t isomers. The

9c11t isomer lies far away from this pair in the sequence.

At the same time, the thermal induction of 10t12c, which

lies closer to this pair in the sequence than 9c11t, shows the

presence of 11t13c and 12c14t. Similarly, the weak

appearance of the peaks representing 7t9c and 8c10t

isomers during the thermal induction of 10t12c can be

explained in the same manner. Furthermore, the 9c11t

isomer lies closer to the 7t9c and 8c10t isomers in the

sequence, and therefore thermal induction of 9c11t should

show peaks representing these CLA isomers. It is inter-

esting to note that the CLA fatty acids 9t11c and 10c12t are

in the middle of the sequence of CLAs ranging from 7,9 to

12,14. It appears that a part of CLA isomers with relatively

high concentrations compared to the rest of the CLA iso-

mers can be prepared by selecting and thermally inducing a

triaclyl glycerol containing a suitable cis–trans CLA fatty

acid. Accordingly, thermal induction of either 9t11c or

10c12t should give CLA isomers with relatively higher

concentrations of most of the isomers.

Fig. 4 Gas chromatograms of

thermally induced 9c11t

triacylglycerol samples
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In addition to CLA isomers, the thermally induced

mixtures also contain another peak accompanied by other

very minor peaks in the chromatograms eluting 15 min

earlier than the CLA isomers (Fig. 8). This peak is prom-

inent in the samples thermally induced for 1 day at 250 and

280�C. At the same time, it is very small in the samples

thermally induced for 30 min at 325�C. The identity of the

relatively large peak in the group was confirmed as meth-

ylene interrupted 9t12t (18:2) fatty acid. In an earlier report

[23], it was shown that the CLAs can also be formed by

thermally inducing a triacylglycerol containing 9t12t fatty

acid. Therefore, the formation of 9t12t (18:2) is possible

during thermal induction of CLA fatty acids. The reaction

takes place through an intramolecular [1, 3], sigmatropic

rearrangement or a free radical chain reaction mechanism

[16, 23]. The identification of 9t12t led to the inclusion of

the [1, 3] sigmatropic transformation part in the mechanism

presented in Fig. 7.

The peak in the infrared at 967 cm-1 also supports the

identity. The absorption can be due to methylene interupted

cis–trans, trans–cis and trans–trans isomers of fatty acids.

The formation of 18:2 trans–trans fatty acid during the

induction of either 9c11t or 10t12c fatty acids also stresses

one point that the formation is specific of their standards. If

the thermal induction of 9t12t can form 9c11t and 10t12c

through an intermediate 9t11t, then the other CLA fatty

acids can also be formed from trans–trans fatty acids such

as 7t10t, 8t11t, 10t13t and 12t15t. However, it was not

Fig. 5 Gas chromatograms of

thermally induced 10t12c

triacylglycerol samples
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Fig. 6 Plots showing the relationships between relative percentages of the isomers formed in the mixtures during thermal induction of 9c11t and

1oc12t triacyl glycerol samples at 250�C

Fig. 7 Isomerisation sequence of conjugated linoleic acids
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possible to confirm the presence of any of these trans–trans

fatty acids because of the low concentrations and non-

availability of the standards.

In this paper, it has been shown that the CLA isomers

ranging from 7,9 through 12,14 can be prepared in one step

by thermally inducing either 9c11t or 10t12c CLA. The

formation of the isomers is relatively faster in the thermal

induction of the samples at 325�C. The thermal induction

of 10t12c CLA at 325�C for 30 min yields almost all the

CLA isomers in detectable amounts that can be used as a

reference sample. Furthermore, the preparation time of the

isomers can be shortened from several hours to minutes,

and several steps involving wet chemical reactions can be

avoided. In addition, the isomerisation time used in the

two-step synthesis forms high concentrations of trans–

trans isomers of the CLAs, which elute together at the end

as a very tall and broad peak (as shown in Ref. [11]) and

dilute the other CLAs in the sample mixture. The isom-

erisation sequence presented in Fig. 7 and the experimental

evidence provided in Fig. 6 clearly indicate the direction of

isomerisation and the products one can expect in an

experiment. Thermal induction of a CLA isomer is

expected to give isomers that are close to the starting

material. However, with the relative ease of obtaining

either 9c11t or 10t12c CLA isomers, it is convenient to

start with one of these isomers.

To illustrate the formation and the relative concentra-

tions of the CLA isomers in the mixture, a thermal

induction sequence diagram is presented utilising the pio-

neering work of Destaillats and Angers [12]. The figure

gives an idea about which CLA isomer to select for the

thermal induction to induce and form the CLA isomers one

desires to prepare.

With the information presented in this paper, the

mechanism involving the formation of CLA isomers has

advanced one more step in the forward direction.
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Abstract Reversed phase liquid chromatography–atmo-

spheric pressure chemical ionization mass spectrometry

(RP-HPLC/MS-APCI) was used to analyze both synthetic

triacylglycerols (TAG) having 1–3 branched fatty acids

(FA) in the molecule, and natural TAG prepared by pre-

cursor directed biosynthesis from valine, leucine and iso-

leucine and the corresponding branched short-chain acids

in cultivations of Rhodococcus erythropolis. The technique

made it possible to identify and quantify TAG differing in a

single branched-chain FA. Altogether 11 TAG were syn-

thesized, out of which 8 were synthesized stereospecifi-

cally. Branched- and straight-chain-TAG were separated

and identified while TAG differing only in iso or anteiso

FA could not be separated. The APCI mass spectra of iso-,

anteiso- and straight-chain TAG were completely identical.

The natural material was found to contain 19 TAG having

at least one branched FA. Cultivation on six different

substrates showed, apart from the presumed and common

incorporation of precursors to iso-even, iso-odd and anteiso

FA, also some unusual features such as an increase in the

content of odd-FA after the addition of Val (attributed to

catabolism of Val to propionate) or the appearance of

branched monounsaturated FA. The two-sample paired

t test, when applied to the TAG, showed that only the pair

Val and isobutyrate differ in incorporation into FA—see,

e.g. proportions of M/M/O and brM/brM/O (1.2:1.2 and

1.9:1.2, respectively). Also, incorporation of Val (isobu-

tyrate) yielded only TAG having two branched FA in the

molecule, whereas Leu and Ile (isovalerate and 2-methyl-

butyrate) gave only TAG with a single branched FA in the

molecule.

Keywords Rhodococcus erythropolis �
RP-HPLC/MS-APCI � Branched chain triacylglycerols �
Precursor directed biosynthesis

Abbreviations

GC-MS Gas chromatography–mass

spectrometry.

LC-MS Liquid chromatography–mass

spectrometry

RP-HPLC/MS-APCI Reversed phase liquid

chromatography–atmospheric

pressure chemical ionization mass

spectrometry

FA Fatty acid(s)

TAG Triacylglycerol(s)

DAG Diacylglycerol(s)

MAG Monoacylglycerol(s)

BrFA Branched (i or ai) FA

BrTAG Branched (i or ai) TAG

i-Bu Isobutyric acid

i-Va Isovaleric acid

2-MeBu 2-Methylbutyric acid

Val Valine

Leu Leucine

Ile Isoleucine

DMAP 4-Dimethylaminopyridine

DCC N,N0-Dicyclohexylcarbodiimide

ACN Acetonitrile
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iPrOH 2-Propanol

i-14:0 (iM) 12-Methyltridecanoic acid

14:0 (M) Tetradecanoic acid

i-15:0 (iX) 13-Methyltetradecanoic acid

ai-15:0 (aiX) 12-Methyltetradecanoic acid

15:0 (X) Pentadecanoic acid

i-16:0 (iP) 14-Methylpentadecanoic acid

16:0 (P) Hexadecanoic acid

i-16:1 (iPo) 14-Methylpentadecenoic acid

16:1 (Po) Hexadecenoic acid

i-17:0 (iMa) 15-Methylhexadecanoic acid

ai-17:0 (aiMa) 14-Methylhexadecanoic acid

17:0 (Ma) Heptadecanoic acid

i-17:1 (iMo) 15-Methylhexadecenoic acid

ai-17:1 (aiMo) 14-Methylhexadecenoic acid

17:1 (Mo) Heptadecenoic acid

i-18:0 (iS) 16-Methyloctadecanoic acid

18:0 (S) Octadecanoic acid

i-18:1 (iO) 16-Methyloctadecenoic acid

18:1 (O) Octadecenoic acid

Introduction

Many prokaryotic microorganisms such as Mycobacterium

sp., Nocardia sp., Micromonospora sp., Dietzia sp., Gor-

donia sp., Streptomyces sp. and Rhodococcus sp. accu-

mulate large amounts of lipids in lipid bodies in the cells

and mycelia [1, 2]. In the genus Rhodococcus, the infor-

mation about the structure of lipids in the cytoplasmic lipid

bodies, in particular triacylglycerols (TAG), is rather

scarce [3, 4].

As a carbon source, the genus Rhodococcus can utilize

very unusual compounds such as hexadecane [5] or phen-

yldecane that gives rise to triacylglycerol in which one

fatty acid was replaced by a phenyldecanoic acid residue

[6], or 1-chloro-, l-bromo- and 1-iodohexadecane that

ultimately yield x-halogen fatty acids (FA) [7]. Further-

more, alkanes can be directly oxidized and activated to the

respective acyl-CoA thioesters and incorporated into TAG

[3, 8]. The composition of the TAG is known to vary

strongly when the cells are cultivated on propionic acid,

which is activated to propionyl-CoA, resulting in a much

higher fraction of odd-numbered FA (over 95% total FA)

[8]. With valerate addition the proportions of odd-chain FA

can reach nearly 85% total FA.

With other bacteria, the addition of branched amino

acids, i.e. Val, Leu or Ile, or their metabolites such as

isobutyric (i-Bu), isovaleric (i-Va) or 2-methylbutyric

(2-MeBu) acids into the culture medium induces the pro-

duction of increased amounts of branched FA enriched

with the given branched-FA depending on the starter unit

(addition of Val produces even-iso-FA, addition of Leu

odd-iso-FA, addition of Ile odd-ai-FA). This fact has been

noted many times in myxobacteria [9], in Nonomuraea sp.

[10], Propionibacterium freudenreichii [11], Staphylococ-

cus xylosus [12] or S. carnosus [13].

Current studies have shown that branched chain FA,

predominantly i-15:0 (iso-pentadecanoic) and ai-15:0

(anteiso-pentadecanoic) inhibit the growth of various can-

cer cell lines both in vitro and in vivo [14, 15]. Other

experiments have documented that their activity decreases

with an increase or decrease in chain-length from i-16:0

(isopalmitic) [16]. This effect is explained as being due to

cancer cells being more dependent on fatty acid biosyn-

thesis than healthy cells.

As shown in our earlier study of Rhodococcus lipids [17],

LC–MS analysis of odd-chain TAG is still largely unex-

plored, mostly due to the scarcity of sources with odd-chain

TAG. The situation with branched-chain TAG from natural

sources is even worse. To our knowledge only two sources of

branched TAG have so far been identified, both of them of

bacterial origin. Metz et al. [18] used GC–MS to separate and

identify intact TAG from Streptomyces avermitilis contain-

ing odd- and even-chain FA including iso- and anteiso-FA.

Another source of branched TAG is milk; branched FA

contained in it are largely derived from bacteria leaving the

rumen [14, 15]. With one exception [19], even here branched

TAG have not been separated from straight-chain TAG. All

other studies [20, 21] mention only odd-chain TAG, although

branched-TAG also have to be present, as seen from the

analysis of FA in butter [19, 21]. Figure 1 in the paper by

Marai et al. [21] clearly shows the presence, between peaks

48:0 (PPP) and 49:0 (PPMa), of two unidentified peaks that

could belong to TAG 49:0 having branched margaric acids

(i.e. i-17:0 and/or ai-17:0). Only Myher et al. [19] have given

the TCN (theoretical carbon number) for branched TAG 0.38

less than for straight-chain TAG; to our knowledge this is

thus the only paper that has explored the LC–MS of branched

TAG.

Based on our previous experience with the cultivation of

Rhodococcus [22] and with LC–MS of lipids [23, 24] we

used here precursor directed biosynthesis to prepare bran-

ched TAG, which were qualitatively and quantitatively

analyzed by using synthetic standards.

Experimental

Microbial Material

Rhodococcus erythropolis CCM 2595 obtained from the

Czech Collection of Microorganisms (Masaryk University,

Brno, Czech Republic) was subjected to a 6-month
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physiological adaptation to phenol. The strain reached a high

growth rate in the presence of succinate (10 g/L) used as the sole

carbon source. Cells were grown in the basic mineral medium

(g/L: KH2PO4 0.17; MnCl2�4H2O 0.001; K2HPO4 0.13;

CaCl2�2H2O 0.00026; (NH4)2SO4 0.71; FeSO4�7H2O 0.0006;

MgCl2�6H2O 0.34; Na2MoO4�2H2O 0.002; pH was adjusted to

7.0) containing alternatively amino acids or short carboxylic

acids (sodium salts) as the carbon source (valine, leucine,

isoleucine, isovalerate, isobutyrate, 2-methyl butyrate—each

3 g/L) and 1 g/L of succinate as cosubstrate. The cultivations

were performed on a rotary shaker at 100 rpm and 30 �C.

The cells were collected at the end of exponential phase

(97 h) by centrifugation (10 min, 9,050g), washed twice

with physiological solution and lyophilized (dry biomass

yield depending on the C-sources: 353 mg/L—valine,

438 mg/L—leucine, 663 mg/L—isoleucine, 690 mg/L—

isovalerate, 583 mg/L—isobutyrate, 645 mg/L—2-methyl

butyrate, 890 mg/L—succinate).

Standards and Isolation

Acetonitrile, 2-propanol, hexane, dichloromethane, gly-

cerol, 4-dimethylaminopyridine (DMAP), N,N0-dicyclohexyl-

carbodiimide (DCC), and standards of glyceryl tripalmitate

and glyceryl triheptadecanoate were purchased from Sigma-

Aldrich (Prague, CR). The mono- and diacylglycerols were

purchased from Larodan Fine Chemicals, Malmo, Sweden.

Preparation of Mixed FA Composition TAG

The esterification of glycerol with acids has been described

previously [25]. Briefly, a rapidly stirred suspension of

1,3-diacylglycerol or 1,2-diacylglycerol (10 lmol), the acid

(11 lmol), and a catalytic amount of 4-dimethylamino-

pyridine (2 lmol) in anhydrous CH2Cl2 (5 mL) was treated

with N,N0-dicyclohexyl-carbodiimide (12 lmol). The

resulting mixture was stirred under N2 for 24 h at room

temperature, diluted with CH2Cl2, and filtered to remove

precipitated 1,3-dicyclohexyl urea. The filtrate was washed

with 0.5 N HCl, saturated aqueous NaHCO3, H2O, and

brine and dried (MgSO4). The solvent was removed in

vacuo, and the remaining residue was purified by TLC

(silica gel H, developed in hexane/diethyl ether/acetic acid

(70:30:1, by vol.). The yields of appropriate TAG are in

Table 1. The purity (see also Table 1) of individual syn-

thesized TAG was determined by RP-HPLC, for the con-

ditions see below.

Preparation of Single FA Composition TAG

The TAG were prepared as described above, only the ratios

of FA and glycerol were different, i.e. for 10 lmol of FA,

3 lmol of glycerol, 4 lmol of 4-dimethylaminopyridine,

and 36 lmol of N,N0-dicyclohexyl-carbodiimide was used.

Further separation and purification was identical, see

above. The yields are in Table 1.

The lyophilized cells were mixed with 10 mL of hexane

and the mixture was stirred for 15 min. The cells were

filtered off, hexane was evaporated and the oil samples
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Fig. 1 RP-HPLC/APCI-MS chromatogram of three synthetic TAG

(Ma/Ma/Ma, iMa/iMa/iMa, and aiMa/aiMa/aiMa)

Table 1 Synthesis of TAG

Alcohol (1 lmol) Acid/lmol TAG Yield

(%)

Purity

(%)

Glycerol Ma/3.15 Ma/Ma/Ma 92 C99

Glycerol iMa/3.15 iMa/iMa/iMa 90 C99

Glycerol aiMa/3.15 aiMa/aiMa/aiMa 87 C99

1-Monopalmitin Ma/2.10 P/Ma/Ma 75 C99

1-Monopalmitin iMa/2.10 P/iMa/iMa 73 C99

1-Monopalmitin aiMa/2.10 P/aiMa/aiMa 76 C99

1,2-Dipalmitin Ma/1.05 P/P/Ma 69 [98

1,2-Dipalmitin iMa/1.05 P/P/iMa 68 [98

1,2-Dipalmitin aiMa/1.05 P/P/aiMa 70 [98

1,3-Dipalmitin Ma/1.05 P/Ma/P 68 [98

1,3-Diheptadecanoin P/1.05 Ma/P/Ma 64 [97
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were dissolved in an acetonitrile-2-propanol-hexane mix-

ture (1:1:1, v/v/v), which was injected on the column.

FAME Analysis

The TAG (10 mg) were saponified overnight in 10%

KOH–MeOH at room temperature. A fatty acid fraction

obtained from saponification was partitioned between

alkali solution (pH 9) and Et2O to remove basic and neutral

components. The aqueous phase, containing FA, was

acidified to pH 2 and extracted with hexane. The fatty acid

fraction was methylated using CH2N2. GC–MS of fatty

acid methyl ester (FAME) mixture was done on a Finnigan

1020 B in EI mode. Splitless injection was at 100 �C, and a

fused silica capillary column (Supelcowax 10; 60 m 9

0.25 mm i.d., 0.25 mm film thickness; Supelco, Prague)

was used. The temperature program was as follows: 100 �C

for 1 min, subsequently increasing at 20 �C/min to 180 �C

and at 2 �C/min to 280 �C, which was maintained for

1 min. The carrier gas was helium at a linear velocity of

60 cm/s. All spectra were scanned within the range of

m/z 50–500. The structures of FAME were confirmed by

comparison of retention times and fragmentation patterns

with those of the standard FAME (Supelco, Prague).

RP-HPLC/MS-APCI

The HPLC equipment consisted of a 1090 Win system,

PV5 ternary pump and automatic injector (HP 1090 series,

Agilent, USA) and two Hichrom columns HIRPB-250AM

250 9 2.1 mm ID, 5-lm particle size, in series. This setup

provided us with a high-efficiency column—approximately

26,000 plates/250 mm. A quadrupole mass spectrometer

system Navigator (Finnigan MAT, San Jose, CA, USA)

was used for analysis. The instrument was fitted with an

atmospheric pressure chemical ionization source [vaporizer

temperature 390 �C, capillary heater temperature 260 �C,

corona current 7 lA, sheath gas—high-purity nitrogen,

pressure 0.45 MPa, and auxiliary gas (also nitrogen)

flow rate 15 mL/min]. Positively charged ions with

m/z 200–1,000 were scanned with a scan time of 0.5 s. The

whole HPLC flow (0.35 mL/min) was introduced into the

APCI source without any splitting. TAG were separated

using a gradient solvent program with acetonitrile (ACN)

and 2-propanol (iPrOH) as follows: initial ACN/iPrOH

(99:1, v/v); linear from 5 to 120 min ACN/iPrOH 30:70,

v/v); held until 30 min; the composition was returned to the

initial conditions over 10 min. Isocratic separation by the

mixture ACN/iPrOH 65:35, v/v) was used for resolution of

the regioisomers. A peak threshold of 0.07% intensity was

applied to the mass spectra.

The saturated synthesized TAG (Ma/Ma/Ma, iMa/iMa/

iMa, and aiMa/aiMa/aiMa) were dissolved in ACN/iPrOH

mixture (99:1, v/v) to concentrations of 1, 5, 10, 50, and

100 lg/mL. All calibration curves were measured using a

10 lL injection volume of solutions in three repeated

analyses and the average peak areas were used for the

construction of calibration curves. For reliable quantitation,

concentrations of individual TAG in analyzed samples

have to be in a given interval (after a suitable dilution). The

limits of detection at S/N = 3 were determined with the

injection volume 10 lL and averaged as 1 lg/mL for sat-

urated TAG. RFs are expressed relative to Ma/Ma/Ma,

which is set to 1.00. For MS-APCI a and b values are

coefficients of the linear calibration dependence y =

ax ? b and RFs are calculated as RF = aMa/Ma/Ma/aTAG,

because b values can be neglected. Here r2 is the value of

coefficient of determination, y corresponds to the peak

areas and x is the concentration in lg/mL.

Data acquisition and analyses were performed using PC

with MassLab 2.0 for Windows XP applications/operating

software.

Results and Discussion

As seen in Table 2, FA from Rhodococcus comprise not

only odd-chain FA [17], but also branched-chain FA that

Table 2 Fatty acid compositions (%) of seven cultivations of R.
erythropolis at 30 �C with different carbon sources [succinate, Val,

Leu, Ile, isobutyric (i-Bu), isovaleric (i-Va) and 2-methyl-butyric

(2-MeBu) acid] as determined by GC–MS

Succinate Val i-Bu Leu i-Va Ile 2-MeBu

i-14:0 (iM) –a 8.1 6.7 – – – –

14:0 (M) 9.8 6.3 5.9 4.5 5.3 3.8 4.4

i-15:0 (iX) – – – 14.8 14.2 – –

ai-15:0 (aiX) – – – – – 19.1 20.4

15:0 (X) 8.2 13.5 14.2 11.6 10.8 7.6 6.7

i-16:0 (iP) – 18.2 17.6 – – – –

16:0 (P) 19.3 12.1 13.0 16.3 15.7 11.2 10.8

i-16:1 (iPo) 0.3 0.2 – – – –

16:1 (Po) 18.5 13.1 14.1 13.1 14.5 10.9 11.3

i-17:0 (iMa) – – – 19.5 20.2 – –

ai-17:0 (aiMa) – – – – – 21.3 19.7

17:0 (Ma) 4.9 9.3 8.8 3.4 4.1 4.2 4.6

i-17:1 (iMo) – – – 0.7 0.6 – –

ai-17:1 (aiMo) – – – – – 0.6 0.5

17:1 (Mo) 9.2 6.7 7.1 5.4 4.8 5.7 6.2

i-18:0 (iS) – 0.6 0.5 – – – –

18:0 (S) 3.1 1.8 1.6 0.9 0.6 2.8 2.9

i-18:1 (iO) – 0.4 0.5 – – – –

18:1 (O) 27.0 9.6 9.8 9.8 9.2 12.8 12.5

a Minority fatty acids up to 0.1% of total fatty acids were omitted
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were produced by precursor directed biosynthesis from

branched chain precursors. In view of the scarcity of data

on branched chain TAG (see above) we decided to syn-

thesize a series of standards (see Table 1) that were used to

verify the basic chromatographic and mass spectral char-

acteristics. The standards were synthesized by conventional

procedures, as simply as possible and with the highest

yield. We followed the procedure described by Lie Ken Jie

and Lam [26] who synthesized TAG of AAB, ABA, BBA

and BAB types. Commercially available glycerol, mono-

acyl- and diacylglycerols (1-palmitin, 1,2-dipalmitin,

1,3-dipalmitin and 1,3-diheptadecanoin) yielded a total

of 11 TAG by mild organic synthesis performed at 25 �C

for 24 h under catalysis with dicyclohexylcarbodiim-

ide (DCC) and 4-dimethylaminopyridine (DMAP) (see

‘‘Experimental’’).

Individual TAG were analyzed by RP-HPLC. Figure 1

shows the chromatographic analysis of three synthetic

TAG, Ma/Ma/Ma, iMa/iMa/iMa, and aiMa/aiMa/aiMa.

The separation of straight-chain TAG from both branched-

chain TAG presented no problems while separation of iMa/

iMa/iMa from aiMa/aiMa/aiMa was hours-long—a time

span unacceptable in the analysis of a natural sample—and

succeeded only under isocratic conditions using the mobile

phase ACN-iPrOH (65:35, v/v).

Chromatographic separation of branched TAG having

two branched FA in the molecule (two i-17:0 or two

ai-17:0) from straight-chain counterparts presents no prob-

lems—gradient elution provided a base-line separation of

P/Ma/Ma from P/aiMa/aiMa or P/Ma/Ma from P/iMa/iMa,

as shown in Figs. 2 and 3. Separation of two branched

TAG such as P/iMa/iMa and P/aiMa/aiMa could be

accomplished only by isocratic elution and only with

synthetic TAG. We ascribe this phenomenon to the much

higher complexity of the natural mixture that results in a

mutual influencing and overlapping of peaks.

In the case of TAG having a single branched FA we

succeeded in separating only those TAG that differed in the

site of branching. The separation was successful only in the

pairs P/P/Ma and P/P/iMa, and P/P/Ma and P/P/aiMa, in

both the synthetic and the natural mixture and with both

isocratic and gradient elution. The separation P/P/iMa and

P/P/aiMa was unsuccessful.

Positional isomers such as P/P/Ma and P/Ma/P or P/Ma/

Ma and Ma/P/Ma were partially separated only with iso-

cratic elution (see [27] for positional isomers, i.e. POP and

PPO). These two pairs were much more poorly separated

than positional isomers in which individual FA differ in

two methylene groups, such as P/P/S and P/S/P [17].

The APCI mass spectra of an AAA type TAG are very

simple. For instance, trianteisomargarin (aiMa/aiMa/aiMa),

exhibits four clusters of ions, i.e. [M?H]? ([TAG]?, i.e.

[aiMa/aiMa/aiMa]?) at m/z 849, [M-RCOO]? ion ([DAG]?,

i.e. [aiMa/aiMa]?) at m/z 579 arising by the loss of

margarate [RCOO?58]? called also ([MAG]?, i.e. [aiMa]?)

at m/z 327, and [RCO]? ion (FA?, i.e. aiMa?) at m/z 253,

see also Table 3 and Fig. 4.

APCI mass spectra of all synthetic TAG, i.e. Ma/Ma/

Ma, iMa/iMa/iMa, and aiMa/aiMa/aiMa were completely

identical. Minute differences in the intensity of ions at

m/z 41, 43, 55, and 57 can be found only in electron

impact mass spectra. These ions arise probably by

splitting of the termini of aliphatic chains although Dinh-

Nguyen [28] states, based on the comparison with deu-

terium-labeled compounds, that the situation is more

complex. Unfortunately, the HPLC-electron impact con-

nection is not feasible and the determination of all three

chain types, i.e. n-, iso- and anteiso- would always

require a comparison of natural TAG with a synthetic

TAG standard.

The above data clearly show that any combination of

branched- and straight-chain acyls in TAG cannot be

resolved based on mass spectrum. Even so we performed

another experiment with synthetic TAG (P/Ma/Ma and

P/aiMa/aiMa, see Figs. 5, 6) that could facilitate the
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resolution of individual acyls by using MS/MS. However,

the MS/MS of the daughter ion at m/z 253 ([RCO]?), i.e.

ion with the same m/z value for all three acyls of all three

acids (margaric, iso-margaric and anteiso-margaric acids)

failed to reveal any perceptible change in the intensity of

ions in the interval of 35–253 Da (spectrum not shown);

this result finally excluded the possibility of distinguishing

branched- and straight-chain TAG by MS-APCI.

The mass spectrum of ABB type TAG such as P/aiMa/

aiMa (Fig. 6), which contains two FA, exhibits, in addition

to [M?H]? at m/z 835, also two acylium ions, with m/z at

239 (P?) and m/z 253 (aiMa?), respectively. The spectrum

naturally features also ions of the type [MAG]? at m/z 313

([P]?) and m/z 327 ([aiMa]?), respectively. Like with

aiMa/aiMa/aiMa, also [DAG]? ions caused by the loss of

margarate at m/z 565 and palmitate at m/z 579 are present,

resulting in ([P/aiMa]? (type [AB]?) and [aiMa/aiMa]?

(type [BB]?) ions, respectively.

Similarly, the mass spectrum of an ABC type TAG, i.e.

TAG containing three different FA, such as P/brMa/S, see

Fig. 7, shows three triplets of ions—three [M-RCOO]? ions

at m/z 565, 579, and 593, corresponding to loss of stearate to

give [brMa/P]?, loss of margarate to give [P/S]?, and pal-

mitate to give [brMa/S]?, respectively. Another triplet,

[MAG]? at m/z 341, 327, and 313 is formed by [S]?,

[brMa]?, and [P]? ions. The last triplet belongs to ions S?

(m/z 267), brMa? (m/z 253), and P? (m/z 239).

Some authors [17, 29–32] observed that the relative

intensities of the [M-RCOO]? ions, i.e. [DAG]?, could be

used to obtain information on the positions of FA within
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(P/Ma/Ma and P/iMa/iMa)

Table 3 TAG identified in R. erythropolis, their retention times (RT), acyl carbon number (ACN), the masses of protonated molecules, and

characteristic fragment ions of TAG

Peak no. TAG RTe ACN:n [M?H]? [DAG]? m/z [DAG]? m/z [DAG]? m/z

1 Po/Po/O 50.7 50:3 829 Po/O 575 Po/Po 547 – –

2 brX/Po/Po 51.0 47:2 789 brX/Po 535 Po/Po 547 – –

3 Po/Po/Mo 51.2 49:3 815 Po/Mo 561 Po/Po 547 – –

4 X/Po/Po 51.6 47:2 789 X/Po 535 Po/Po 547 – –

5 M/Po/O 53.4 48:2 803 Po/O 575 M/Po 521 M/O 549

6 brM/brM/O 53.5 46:1 777 brM/O 549 brM/brM 495 – –

7 P/Po/Po 53.8 48:2 803 P/Po 549 Po/Po 547 – –

8 M/P/Po 54.3 46:1 777 P/Po 549 M/P 523 M/Po 521

9 M/M/O 54.7 46:1 777 M/O 549 M/M 495 – –

10 brM/brM/P 55.1 44:0 751 brM/P 523 brM/brM 495 – –

11 M/M/P 56.4 44:0 751 M/P 523 M/M 495 – –

12 Po/Mo/O 58.2 51:3 843 Mo/O 589 Po/Mo 561 Po/O 575

13 P/Po/Mo 58.4 49:2 817 Mo/P 521 Po/Mo 561 Po/P 549

14 Po/O/O 60.9 52:3 857 O/O 603 Po/O 575 – –

15 M/O/O 61.3 50:2 831 O/O 603 M/O 549 – –

16 P/Po/O 61.9 50:2 831 Po/O 575 P/Po 549 P/O 577

17 Po/Po/S 62.6 50:2 831 Po/S 577 Po/Po 547 – –

18 brP/brP/Po 62.9 48:1 805 brP/Po 549 brP/brP 551 – –

19 M/brP/brP 63.1 46:0 779 brP/brP 551 M/brP 523 – –
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Table 3 continued

Peak no. TAG RTe ACN:n [M?H]? [DAG]? m/z [DAG]? m/z [DAG]? m/z

20 M/P/O 63.5 48:1 805 P/O 577 M/P 523 M/O 549

21 brM/brM/S 63.9 46:0 779 brM/S 551 brM/brM 495 – –

22 P/P/Po 64.2 48:1 805 P/Po 549 P/P 551 – –

23 M/P/P 64.7 46:0 779 P/P 551 M/P 523 – –

24 Mo/Mo/O 65.1 52:3 857 Mo/O 589 Mo/Mo 575 – –

25 M/M/S 65.2 46:0 779 M/S 551 M/M 495 – –

26 M/Po/S 65.5 48:1 805 Po/S 577 M/Po 521 M/S 551

27 brX/O/O 65.6 49:1 819 O/O 603 brX/O 563 – –

28 MoOO 65.9 53:3 871 O/O 603 Mo/O 589 – –

29 brX/P/O 66.2 51:2 845 P/O 577 brX/P 537 brX/O 563

30 X/O/O 66.3 49:1 819 O/O 603 X/O 563 – –

31 P/Mo/O 66.7 51:2 845 Mo/O 589 P/Mo 521 P/O 577

32 X/P/O 67.1 51:2 845 P/O 577 X/P 537 X/O 563

33 O/O/O 69.0 54:3 885 O/O 603 – 603 – –

34 P/O/O 69.5 52:2 859 O/O 603 P/O 577 –

35 Po/S/O 70.8 52:2 859 S/O 605 Po/S 577 Po/O 575

36 brP/brP/O 70.9 50:1 833 brP/O 577 brP/brP 551 – –

37 P/P/O 72.2 50:1 833 P/O 577 P/P 551 – –

38 Po/P/S 72.6 50:1 833 P/S 579 Po/P 549 Po/S 577

39 M/O/S 73.1 50:1 833 O/S 605 M/O 549 M/S 551

40 brMa/O/O 74.5 53:2 873 O/O 603 brMa/O 591 – –

41 brX/O/S 74.7 51:1 847 O/S 605 brX/O 563 brX/S 565

42 brP/brP/P 74.9 48:0 807 brP/brP 551 brP/P 551 – –

43 Ma/O/O 75.3 53:2 873 O/O 603 Ma/O 591 – –

44 X/O/S 75.6 51:1 847 O/S 605 X/O 563 X/S 565

45 P/P/P 76.2 48:0 807 P/P 551 – – – –

46 brMa/O/P 76.3 51:1 847 O/P 577 brMa/O 591 brMa/P 565

47 M/P/S 76.7 48:0 807 P/S 579 M/P 523 M/S 551

48 P/Mo/S 77.1 51:1 805 Mo/S 591 P/Mo 521 P/S 579

49 Ma/O/P 77.2 51:1 847 O/P 577 Ma/O 591 Ma/P 565

50 P/P/brMa 77.2 49:0 821 brMa/P 565 P/P 551 – –

51 P/P/Ma 78.1 49:0 821 Ma/P 565 P/P 551 – –

52 Po/S/S 78.2 52:1 861 S/S 607 Po/S 577 – –

53 O/O/S 79.4 54:2 887 O/S 605 O/O 603 – –

54 P/O/S 81.4 52:1 861 O/S 605 P/O 577 P/S 579

55 brP/brP/S 84.2 50:0 835 brP/S 579 brP/brP 551 – –

56 P/P/S 85.5 50:0 835 P/S 579 P/P 551 – –

57 iMa/iMa/iMa 86.4 51:0 849 iMa/iMa 579 – – – –

58 P/brMa/brMa 85.6 50:0 835 brMa/brMa 579 brMa/P 565 – –

58 aiMa/aiMa/aiMa 86.6 51:0 849 aiMa/aiMa 579 – – – –

59 M/S/S 86.7 50:0 835 S/S 607 M/S 551 – –

60 Ma/Ma/P 86.8 50:0 835 Ma/Ma 579 Ma/P 565 – –

61 brMa/S/O 87.0 53:1 875 S/O 605 brMa/S 593 brMa/O 591

62 Ma/S/O 87.8 53:1 875 S/O 605 Ma/S 593 Ma/O 591

63 P/brMa/S 88.0 51:0 849 brMa/P 565 brMa/S 593 P/S 579

64 Ma/Ma/Ma 88.2 51:0 849 Ma/Ma 579 – – – –

65 Mo/S/S 88.3 53:1 875 S/S 607 Mo/S 591 – –

66 P/Ma/S 88.9 51:0 849 Ma/P 565 Ma/S 593 P/S 579

67 O/S/S 89.6 54:1 889 S/O 605 S/S 607 – –

68 P/S/S 93.6 52:0 863 S/P 579 S/S 607 – –

69 brMa/S/S 96.2 53:0 877 S/S 607 brMa/S 593 – –

70 Ma/S/S 97.1 53:0 877 S/S 607 Ma/S 593 – –

ACN acyl carbon number, n number of double bond(s), RTe experimental retention time (min)
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Fig. 4 Mass spectrum (APCI)

of aiMa/aiMa/aiMa

Fig. 5 Mass spectrum (APCI)

of molecular species of TAG

(i.e. P/Ma/Ma)

Fig. 6 Mass spectrum (APCI)

of molecular species of TAG

(i.e. P/aiMa/aiMa)
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the TAG. A rule was formulated about the energetically

less favorable loss of FA from position sn-2 and formation

of [M-RCOO]? i.e. 1,3-[DAG]? ions. The cleavage of

these bifunctional TAG gives rise to an isomeric pair of the

same [DAG]? ions, i.e. [AA]? and [AB]?. The ratio of

[AA]?:[AB]? was found to be lower for the ABA isomer,

since formation of the 1,2-isomer of the [AB]? ion is

energetically more favorable than generating the analogous

1,3-[AB]? ion from the AAB isomer. If these two frag-

ments were energetically equivalent, then the intensity of

ions [AA]? and [AB]? should be in a 1:2 ratio irrespective

of the position of the A or B acyl substitution on the

glycerol backbone, which does not occur—see, e.g. Figs. 8

and 9. The positional isomers understandably differed in

the intensity of ions types [P/P]? and [P/iMa]? since the

least abundant [M-RCOO]? ion is known to correspond to

loss of the FA from the sn-2 position.

The [P/P]?:[P/Ma]? ratio observed for P/Ma/P (Fig. 8)

is only 35:100, indicating that the formation of the 1,3-

[PP]? ion is energetically unfavorable. On the other hand,

in P/P/iMa (Fig. 9) the [P/P]?:[P/iMa]? ratio is 80:100 and

the rule can thus be used to determine the structure of this

positional isomer. This is in agreement with the result of

the organic synthesis. Apart from determining the structure

of natural compounds the rule can be used for confirming

the structure of synthesized standards, since the synthesis

may involve racemization or the original diacylglycerols

need not contain only pure sn-1,2 or sn-1,3 positional

isomer. Consequently, the two regioisomers show two

different spectra.

To show that even a complex biological material such as

R. erythropolis biomass can yield mass spectra that make it

possible to identify TAG, we present in Figs. 10 and 11 the

spectra of brM/brM/O and also brX/P/O. Identification of

Fig. 7 Mass spectrum (APCI)

of P/brMa/S, i.e. molecular

species isolated from

Rhodococcus

Fig. 8 Mass spectrum (APCI)

of molecular species

(i.e. P/Ma/P)
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Fig. 9 Mass spectrum (APCI)

of molecular species (i.e. P/P/

iMa)

Fig. 10 Mass spectrum (APCI)

of brM/brM/O, i.e. molecular

species isolated from

Rhodococcus

Fig. 11 Mass spectrum (APCI)

of brX/P/O, i.e. molecular

species isolated from

Rhodococcus
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these and other TAG was performed as described above

and given in Table 3.

As expected, and in agreement with literature data,

addition of Val and isobutyrate [10, 32] induced the bio-

synthesis of branched FA. No i- or ai-FA, neither odd- nor

even-chain ones, were detected in control cultivation

whereas the addition of any of the two precursors caused an

increase of i-14:0 from 0 to 8.1% and a rise of i-16:0 from

0 to 18.1% (precursor Val). Precursor directed biosynthesis

based on i-Bu showed comparable results, see Table 2. The

overall proportion of even-i-FA increased to one quarter of

total FA as compared to control (cultivation on succinate as

the only carbon and energy source).

Apart from the increase in even-i-FA, an increased

content was also noted with odd-straight-chain FA, i.e.

15:0 and 17:0. This is probably due to the fact that one of

the possible products of Val (and also isobutyrate) catab-

olism is propionate, which serves as a starter unit of

odd-straight-chain FA. Analogous effect, i.e. increased

proportion of odd-straight-chain FA, was found in culti-

vations of other bacteria [10, 33].

Precursor directed biosynthesis of FA with the use of

Leu or i-Va as starter units leads to an increase in odd-i-FA

(i-15:0 to 14.8% with Leu and 14.2% with i-Va, i-17:0 to as

much as 19.5% with Leu and 20.2% with i-Va). The pro-

portion of these FA rose to 35% of total FA. These results

are in agreement with the effect of both starter units

described in the literature [12, 34].

The presence of Ile and 2-MeBu in the medium caused

an expected increase [11] in ai-FA (ai-15:0 to 19.1% with

Ile and 20.4% with 2-MeBu; ai-17:0 to 21.3% with Ile and

19.7% with 2-MeBu). These C-sources had the greatest

effect on the FA composition, the content of ai-FA

increasing to 40% of total FA.

Following the addition of given precursors, correspond-

ing branched-chain monoenoic FA were identified in

amounts of about 0.5% total FA. In contrast to straight-chain

monoenoic FA only C17 and C18 branched-chain monoe-

noic FA were identified. This phenomenon can be explained

in two ways. The first possibility is that the appropriate

desaturase has a higher affinity for longer chains; this cor-

responds with the fact that no straight-chain monoenoic C14

and C15 FA were found. The other possibility is that the high

melting point of straight-chain FA lowers the membrane

fluidity to an extent that forces the bacterium to biosynthe-

size branched-chain monoenoic FA with a lower melting

point in order to enhance membrane fluidity. The melting

point of myristic acid je 54 �C, margaric (n-17:0) 61 �C,

while that of ai-margaric (ai-17:0) is a mere 37 �C. Hence a

change of branching from straight-chain to ai (e.g. C17 fatty

acid) the melting point drops by 24 �C, whereas chain

shortening of straight-chain from C17 to C14 (i.e. myristic

acid) only by 17 �C. Melting point of (Z)-15-methyl-hex-

adec-12-enoic acid (i-17:1) is 21–22 �C. We therefore

assume that fluidity change is affected much more by

branching than the shortening of FA.

50 60 70 80 90 100
time (min)

80

80

80

0

0

0

1

5

11

45

20

68
70

1

5

1

5 11

11

15

15

15

20

20

Ile

Leu

Val

60

24

24

24

30

30

30

39

39

39

53

53

53

45

45

60

60

56

56

56

66

66

66

68

68

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Fig. 12 RP-HPLC/APCI-MS chromatogram of the TAG from R. erythropolis cultivations at 30 �C with different carbon sources (Val, Leu, and
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Cultivations in the presence of Leu and Ile and the

corresponding short FA (i-Va and 2-MeBu) did not show

any catabolism to acetate and propionate. Ile is known to

be catabolized to acetate and propionate, Leu to acetoac-

etate and acetate [35]. In the former case we can assume

that the starter units, i.e. acetate and propionate, have the

same influence on the biosynthesis of even and odd FA and

their contribution is thereby in fact eliminated (1 mol of

Leu or i-Va gives rise to 1 mol of acetate and propionate

and contributes thereby by the same molar amount to the

biosynthesis of even and odd FA).

In the case of Ile (2-MeBu) only acetate and no

propionate is formed. Because the proportion of even FA

is major (more than 75% of total FA), an increase in the

content of the precursor, i.e. acetate, has no further effect

on the ratio of even and odd FA arising in the

biosynthesis.

The results of the cultivation fully supported our

assumption that Rhodococcus is eminently suitable for

precursor directed biosynthesis of branched FA.

Chromatogram of TAG obtained after cultivation of

Rhodococcus with three amino acids (Val, Leu and Ile) is

shown in Fig. 12. Three pairs of mutually metabolically

coupled precursors were used - Val and i-Bu, Leu and i-Va,

Ile and 2-MeBu. The given amino acid gives rise to cor-

responding branched FA, which is then incorporated into

the molecule of appropriate FA.

Table 4 gives mean (three independent sequential

measurements) relative peak areas of 69 TAG from Rho-

dococcus determined in control cultivation on succinate

and in individual cultivations using precursor directed

biosynthesis with six starter units. It should be stressed that

these values were calculated without using response fac-

tors, similarly as in our preceding paper in which we also

analyzed unusual plant TAG [36]. None of the standards is

commercially available and the 11 TAG that we synthe-

sized represent a small fraction (\1/6) of the total possible

TAG. Since the other standards are not available, the val-

ues are only semi-quantitative. This however does not

prevent comparison of the outcomes of individual culti-

vations because these comparisons involve structurally

similar TAG. An extrapolation of the response factors for

TAG differing only in the branched chain (e.g. brMa/S/O

and Ma/S/O) is unfortunately not feasible since we do not

know the differences between straight- and branched

chains. Despite this we attempted to quantify the results for

Ma/Ma/Ma, iMa/iMa/iMa, and aiMa/aiMa/aiMa, see

‘‘Experimental’’. If a value of 1.00 is arbitrarily allotted to

straight-chain TAG (Ma/Ma/Ma), the correction factor for

iso TAG is 0.97 and for ai-TAG 0.99. In the case of a real

sample, and also of several synthetic standards, we have

failed to separate TAG differing only in branching (i.e. iso

and anteiso).

Table 4 Relative quantities (%) of TAG identified in R. erythropolis
cultivations at 30 �C with different carbon sources [succinate, Val,

Leu, Ile, isobutyric (i-Bu), isovaleric (i-Va) and 2-methyl-butyric

(2-MeBu) acid] as determined by RP-HPLC/MS-APCI

TAG Succinate Val i-Bu Leu i-Va Ile 2-MeBu

Po/Po/O 2.5 2.4 2.7 2.2 2.1 2.2 2.3

brX/Po/Po –a – – 2.5 2.2 2.8 3.0

Po/Po/Mo 0.0 2.2 2.4 1.8 2.8 1.6 1.7

X/Po/Po 1.7 2.8 3.1 2.3 2.2 1.8 1.8

M/Po/O 2.0 1.8 1.9 1.5 2.4 1.6 1.7

brM/brM/O – 1.9 1.2 – – – –

Po/Po/P 2.1 2.7 3.0 2.6 3.4 2.1 2.1

M/Po/P 1.6 2.1 2.2 2.0 2.9 1.5 1.5

M/M/O 1.5 1.2 1.2 0.9 1.6 1.0 1.0

brM/brM/P – 2.2 1.5 – – – –

M/M/P 1.1 1.4 1.5 1.4 2.1 0.8 0.9

Po/Mo/O 0.8 1.9 2.0 1.6 2.3 1.8 1.8

Po/P/Mo 0.7 2.1 2.3 2.1 2.9 1.6 1.7

Po/O/O 3.8 2.1 2.3 1.9 2.7 2.4 2.4

M/O/O 3.3 1.5 1.5 1.3 1.9 1.8 1.8

Po/P/O 3.4 2.4 2.6 2.4 3.2 2.2 2.3

Po/Po/S 1.2 1.7 1.9 1.5 0.3 1.1 1.4

Po/brP/brP – 4.1 2.9 – – – –

M/brP/brP – 3.5 2.1 – – – –

M/P/O 2.9 1.7 1.8 1.8 2.1 1.6 1.6

brM/brM/S – 0.8 0.4 – – – –

Po/P/P 3.0 2.6 2.9 2.9 3.7 2.1 2.1

M/P/P 2.5 2.0 2.1 2.2 3.0 1.5 1.5

Mo/Mo/O 1.4 1.3 1.4 1.1 1.5 1.3 1.4

M/M/S 0.1 0.5 0.4 0.3 0.0 0.1 0.2

M/Po/S 0.7 1.1 1.2 0.9 0.0 0.7 0.8

brX/O/O – – – 2.0 2.4 3.1 3.2

MoOO 3.2 1.5 1.6 1.4 1.9 1.7 1.9

brX/P/O – – – 2.5 2.9 3.0 3.1

X/O/O 3.1 2.2 2.3 1.8 2.4 2.1 2.0

P/Mo/O 2.9 1.8 1.9 1.8 2.4 1.8 1.8

X/P/O 2.8 2.4 2.6 2.3 2.9 2.0 1.8

O/O/O 5.1 1.8 1.9 1.7 2.3 2.6 2.5

P/O/O 4.7 2.0 2.2 2.2 2.8 2.4 2.4

Po/S/O 2.5 1.4 1.5 1.3 0.4 1.5 1.5

brP/brP/O – 3.5 2.5 – – – –

P/P/O 4.3 2.3 2.5 2.6 3.3 2.3 2.2

Po/P/S 2.1 1.6 1.8 1.8 0.8 1.4 1.4

M/O/S 1.9 0.8 0.8 0.7 0.1 0.9 0.9

brMa/O/O – – – 2.4 1.8 3.3 3.2

brX/O/S – – – 1.4 0.0 2.2 2.4

brP/brP/P 3.6 2.8 – – – –

Ma/O/O 3.4 1.8 1.8 1.2 1.1 1.8 1.8

X/O/S 0.0 1.4 1.5 1.2 0.8 1.2 1.1

P/P/P 3.9 2.5 2.8 3.1 3.8 2.1 2.1

P/brMa/O – – – 2.9 2.4 3.2 3.0
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The two-sample paired t test revealed that a significant

incorporation of precursors into the molecules of TAG

appeared only in the pair Val and i-Bu (P value is 0.012).

This value of the t test shows that at 5% significance level

we reject the hypothesis of zero differences. The values for

the other two pairs, i.e. Leu and i-Va and Ile and 2-MeBu,

are different (P value is 0.154 and 0.453, respectively).

This feature can be demonstrated in the ensuing pair of

TAG, i.e. M/M/O and iM/iM/O. Precursors such as Val or

i-Bu cannot give rise to ai-FA. Based on the t test we can

thus infer that more Val was incorporated in branched TAG

than i-Bu, because the ratio of Val:i-Bu incorporation in

the former species was 1.2:1.2 while in branched TAG it

was 1.9:1.2. Further confirmation of this fact is seen in

Table 4. Another feature distinguishing the incorporation

of Val (i-Bu) from that of the other two pairs (Leu/i-Va and

Ile/2-MeBu) into the molecular species of TAG is the

presence of only those molecular species that have two

branched FA in the molecule, whereas with Leu and Ile

(and the corresponding short-branched acids) the only

identified molecular species of TAG were those having

only one branched FA in the molecule. Based on the

chromatographic behavior of the standards we synthesized

we can confirm that the separation and identification of the

molecular species of TAG potentially produced by Rho-

dococcus and differing in branched chain FA is feasible.

The outcome of such analysis depends understandably on

the detection limit, which was in our case 0.1% total TAG.

We cannot exclude the possibility that under conditions

different from those used in this study, e.g. in stress-

inducing culture conditions or in biofilm, the proportions of

individual TAG will change. The sum of branched TAG

after precursor directed biosynthesis ranged from 21% for

the compound with the lowest incorporation, i.e. i-Bu, to

33% for Ile. These data strongly imply that Rhodococcus is

a good producer of branched chain FA and corresponding

TAG and can be successfully used as a biotechnologically

important microorganism producing these substances that

have considerable pharmacological potential.

In conclusion, RP-HPLC/MS-APCI made it possible to

identify and quantify TAG differing in a single branched-

chain FA. Branched- and straight-chain-TAG were sepa-

rated and identified while TAG differing only in iso- or

anteiso-FA could not be separated since their APCI mass

spectra were completely identical. Branched TAG having

two branched FA in the molecule were successfully

separated from straight-chain counterparts by gradient

elution. TAG having a single branched FA were sepa-

rated only if they differed in the site of branching.

Positional isomers such as P/P/Ma and P/Ma/P or P/Ma/

Ma and Ma/P/Ma were partially separated only with

isocratic elution.
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Abstract ATP-binding cassette transporter A-1 (ABCA1)

mediates the transfer of cellular cholesterol to lipid-poor

apolipoproteins. Liver X receptors (LXRs) are regulators of

cholesterol homeostasis that increase transcription of

ABCA1. Synthetic LXR agonists developed to date have

been shown to induce ABCA1 mRNA expression and

increase reverse cholesterol transport. Unfortunately, there

have been few options for quantitatively measuring ABCA1

protein levels, including a previously described competitive

ELISA standardized to an ABCA1 peptide with a sensitivity

of 80 ng/ml. To address this unmet need, we developed a

novel sandwich ELISA standardized to full-length human

recombinant ABCA1 protein with sensitivity of approxi-

mately 0.5 ng/ml. To determine if the sandwich ELISA had

adequate sensitivity to detect LXR-induced increases in

ABCA1, we utilized it to measure ABCA1 levels in

untreated and LXR agonist-treated human (THP-1) macro-

phage cells and human peripheral blood mononuclear cells

(PBMC). Data obtained from the ELISA demonstrated an

approximately eightfold increase in ABCA1 levels in both

macrophages as well as PBMC in response to LXR agonist

treatment, and results were highly correlated with those

obtained by immunoprecipitation and western blotting.

Together, these results suggest that the sandwich ELISA

may be a sensitive and effective method for quantitating

ABCA1 protein levels.

Keywords ABCA1 � HDL � Cholesterol �
Reverse cholesterol transport � Liver X receptor �
Macrophages

Abbreviations

ABCA1 ATP-binding cassette transporter A-1

ApoA1 Apolipoprotein A1

CPT Cell preparation tube

DMSO Dimethyl sulfoxide

ELISA Enzyme-linked immunosorbent assay

HDL High density lipoprotein

HDL-C High density lipoprotein cholesterol

LXR Liver X receptor

LDL Low density lipoprotein

LDL-C Low density lipoprotein cholesterol

PBMC Peripheral blood mononuclear cells

PMA Phorbol 12-myristate 13-acetate

PPAR Peroxisome proliferator-activated receptor

RCT Reverse cholesterol transport

TD Tangier disease

Introduction

ABCA1-mediated active transport of cellular cholesterol

and phospholipids to lipid poor apolipoprotein A1 (Apo-A1)

produces high-density lipoproteins (HDL) and represents

the initial and rate-limiting step in the reverse cholesterol

transport (RCT) pathway [1–4]. Cellular cholesterol efflux

and the RCT pathway ultimately lead to inhibition of ath-

erosclerotic lesion formation [5]. Moreover, an inverse

correlation exists between HDL levels and cardiovascular

disease, and several efforts have identified HDL as being an
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atheroprotective factor against coronary artery disease

[6–9]. In light of these observations, many researchers have

investigated ways to up-regulate RCT [10, 11]. As a result,

ABCA1 has become a target for up-regulation.

ABCA1 is a 254 kDa integral membrane protein and is a

member of a superfamily of ABC transporters that utilize

ATP to transport substrates between cellular compartments

and across cell membranes [3, 12]. The function of ABCA1

as a key regulator of HDL became apparent in 1999, when

loss of ABCA1 gene function was determined to be the

cause of Tangier disease (TD). Patients with TD exhibit

extremely low levels of HDL, and have increased incidence

of premature coronary artery disease [2, 13–15]. In recent

years, several novel gene mutations and defects in the

ABCA1 transporter have been characterized as resulting in

TD [16–18].

ABCA1 expression is modulated by several metabolites

including cAMP, sterols, and peroxisome proliferator-

activated receptor agonists [4, 19]. Furthermore, the

nuclear liver X receptors a and b (LXRs) are oxysterol

activated cholesterol sensors that have been shown to play

a key role in increasing serum HDL-C concentrations in

mice [20–23]. Additionally, synthetic LXR agonists have

been described as up-regulating ABCA1 mRNA and

stimulating reverse cholesterol efflux [19, 24, 25].

Methods for measuring ABCA1 mRNA levels have thus

been critical in understanding RCT [26]; however, the

hydrophobic nature of ABCA1, a protein that contains 12

membrane spanning domains, has made it difficult to

develop quantitative assays for ABCA1 protein levels.

Recently Paul and colleagues described a competitive

assay for measuring ABCA1 in cell lysates from human

tissues and fibroblasts with a sensitivity of 80 ng/ml [27].

In order to better understand the effects of LXRs and

related compounds on ABCA1 protein, an even more

sensitive assay that can be used with different cellular

matrices would be desirable. Recognizing the advantages

that such an assay would provide, we set out to develop a

sandwich ELISA to measure ABCA1 protein levels.

Experimental Procedures

Expression and Purification of Human ABCA1 Protein

Human ABCA1 (accession number: NM_005502) cDNA was

purchased from Openbiosystem Co. (Cat# EHS1001-99865381,

Clone ID: 9056784, accession number: BC146856). The

cDNA contains one mutation based on accession number

NM_005502 and the human genome sequence database. The

mutation was corrected using PCR–based mutagenesis

(Current Protocols in Molecular Biology). The corrected

nucleotide sequences encoding full-length ABCA1 were

inserted into pFastBac1 vector (Invitrogen) with a

C-terminal Flag tag. P0 recombinant baculovirus was

generated according to the Bac-to-Bac protocol (Invitrogen).

P0 virus was amplified by infecting Sf9 cells (Invitrogen)

with 0.1% volume of virus and harvesting 5 days post

infection to generate P1 virus. For protein production,

500 ml of Sf9 cells per 2-L flask were infected at 1.5 9 106

cells/ml using 5 ml of P1 virus per flask. Infections were

carried out at 27 �C and 135 rpm. Cells were spun down,

rinsed with PBS and the pellets frozen at -80 �C.

Flag-tagged ABCA1 was purified by anti-Flag M2 affinity

chromatography from frozen cell pellets according to the

manufacturer’s instructions (Sigma).

Purified rABCA1-Flag protein was solubilized in buffer

(50 mM Tris, pH 7.5, 150 mM NaCl, and 0.1% Triton

X-100) and the final protein concentration was determined

by Bradford using BSA as a standard. The identity of the

purified protein was confirmed by western blotting, and the

protein was stored at -80 �C in small aliquots prior to

subsequent use. Purity of the recombinant ABCA1 protein

was assessed by loading 250 ng of the protein onto a

4–20% tris–glycine polyacrylamide gel (Invitrogen).

Molecular weight markers (SeeBlue, Invitrogen) were also

loaded onto the gel for size comparison. One-dimensional

electrophoresis was performed for 85 min at 175 V in a gel

chamber containing tris–glycine SDS running buffer, and

the gel was visualized following staining with Coomassie

Blue.

ABCA1 Antibodies

Due to the hydrophobic nature of this 12-membrane

spanning domain protein, a number of different approaches

were taken to raise antibodies against the protein that could

recognize both the recombinant and endogenous human

ABCA1 protein in native phase. These approaches inclu-

ded attempting to raise rabbit polyclonal antibodies against

six independent ABCA1 peptides. These rabbit polyclonal

anti-peptide antibodies and a number of other antibodies

including commercial antibodies were evaluated for their

ability to recognize ABCA1 protein in native phase. To

determine which antibodies might be suitable, more than a

dozen different antibodies were evaluated for their ability

to immunoprecipitate ABCA1 from control or TO901317-

stimulated THP-1 cell lysates. Eventually, two antibodies

were identified that were capable of immunoprecipitating

ABCA1 and were compatible with each other in a sand-

wich ELISA format. The first was a monoclonal antibody

that was raised against a C-terminal portion of the protein

corresponding approximately to amino acids 1,800–2,250.

The second was a polyclonal antibody raised against a mid-

region of the protein corresponding approximately to

amino acids 1100–1300. The exact epitopes of these
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antibodies are not known at the present time, although the

monoclonal antibody likely recognizes a linear epitope as it

proved capable of detecting recombinant and endogenous

ABCA1 protein via Western blotting as described below.

Macrophage Lysate Preparation

Human (THP-1) monocytes were differentiated with

20 nM PMA for 24 h, trypsinized, and seeded at 1.5 9 106

cells/well in RPMI 1640 (Hyclone) with 10% LPDS and

50 lM 2-mercapthoethanol (Sigma) in 96-well plates and

incubated at 37 �C in 95% air:5% CO2 for 6 h. Following

attachment, cells were treated with 1 lM of Tularik LXR

agonist TO901317 (purchased from Sigma) or 0.1%

DMSO (vehicle) in the same media for 24 h. After treat-

ment, media was removed, and the cells were washed once

with PBS. Cells were then lysed with 25 ll/well of ice cold

lysis buffer (50 mM HEPES, 150 mM NaCl, 5 mM EDTA,

5 mM EGTA, and 1.0% Triton X-100, pH 7.40 supple-

mented with Sigma phosphatase inhibitor cocktails I and II

and Roche protease inhibitor cocktail). The plate was

shaken at 900 rpm for 1 min, frozen at -20 �C, thawed,

shaken again and the contents of the wells were collected

and stored at -80 �C prior to subsequent analysis.

Peripheral Blood Mononuclear Cell Preparation

Whole blood was collected from four human donors

directly into 8-ml sodium heparin cell preparation tubes

(CPT). Immediately following collection, tubes were cen-

trifuged for 25 min at 2,200 rpm in a large swinging bucket

centrifuge (Jouan CR312). CPT plasma was transferred to

fresh, siliconized borosilicate tubes in 5-ml aliquots for

treatment. Aliquots from each donor were treated as fol-

lows: un-treated, 0.1% DMSO (vehicle), 1 lM LXR ago-

nist TO901317, and 10 lM LXR agonist TO901317. The

samples were incubated at 37 �C under an atmosphere of

95% air:5% CO2 for 24 h. Following incubation, samples

were spun 10 min at 1,500 rpm, and the supernatant

(plasma) was drawn off. Peripheral blood mononuclear

cells (PBMC) were washed three times with 500 ll of PBS.

Cells were lysed with 500 ll of lysis buffer at 4 �C for 1 h,

and PBMC lysates were transferred to polypropylene

microfuge tubes and stored at -80 �C.

Immunoprecipitation of ABCA1

For THP-1 macrophages, immunoprecipitations (IP) were

performed on 50 ll of lysate (4 9 106 cells/ml) added to

950 ll of lysis buffer. For PBMC, IP were performed on

400 ll of lysate (3 9 105 cells/ml) added to 1.6 ml of lysis

buffer. ABCA1 protein was immunoprecipitated with 5 lg

of anti-ABCA1 monoclonal antibody (raised against a

C-terminal portion of the protein corresponding approxi-

mately to amino acids 1,800–2,250) covalently attached to

20 ll of Seize Primary covalent coupling beads (Pierce) by

incubating antibody in phosphate buffer with aminolink

resin and coupling beads according to the manufacturer’s

protocol. Following overnight incubation at 4 �C, beads

were washed three times with lysis buffer, and 30 ll of 2X

sample buffer (100 mM Tris, pH 6.80, 40 g/l SDS, 200 ml/l

glycerol, 20 mg/l bromophenol blue, 0.05% 2-mercap-

toethanol) were added to the beads. Samples were vortexed,

boiled for 5 min, vortexed again and spun down. Each

supernatant was then transferred to a fresh microfuge tube

and stored at -20 �C prior to subsequent Western blotting.

Western Blotting

Samples, molecular weight markers (SeeBlue, Invitrogen),

and controls were loaded onto a 4–20% tris–glycine

polyacrylamide gel (Invitrogen) and electrophoresed for

85 min at 175 V in a gel chamber with tris–glycine SDS

running buffer. Contents from the gel were then transferred

to nitrocellulose (Amersham) by applying 100 V for 2 h at

4 �C. Blots were blocked with TBS-Casein blocking buffer

for 1 h at room temperature. Following blocking, blots

were washed three times with Tris buffered sali-

ne ? Tween (TBST) and probed with monoclonal anti-

ABCA1 antibody (1 lg/ml in blocking buffer) for 1 h at

room temperature. Blots were washed three times with

TBST and probed with an HRP-labeled goat anti-mouse

IgG (diluted 1:2,500 in blocking buffer) for 1 h at room

temperature. Blots were washed three times with TBST and

once with TBS. Afterward, blots were developed with the

chemiluminescent reagent Supersignal ECL substrate

reagent (Thermo) for approximately 1 min, air-dried, and

exposed to Kodak Bio-Max Light film for approximately

1–2 min.

ABCA1 ELISA

The 96-well polystyrene plates were coated overnight at

4 �C with 100 ll of 5 lg/ml polyclonal anti-ABCA1

antibody (diluted in Pierce carbonate-bicarbonate coating

buffer, pH 9.0). The following day, wells were washed

three times with TBST and blocked for 1 h with TBS-

casein (Pierce). After washing again as above, 100 ll of

recombinant ABCA1 standard curve aliquots (serial 1:2

dilutions ranging from 250 ng/ml to 0.25 ng/ml in lysis

buffer ? 1% BSA) and cell lysate samples were added to

the appropriate wells. In the case of PBMC lysates, sam-

ples were run neat on the ELISA, while THP-1 lysates were

run at a 1:10 dilution on the ELISA. The plate was allowed

to incubate 2 h at room temperature. Following six washes

with TBST, biotinylated monoclonal anti-ABCA1 antibody
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(1 lg/ml, prepared using a Pierce EZ-link kit according to

the manufacturer’s protocol) was added to the plate at

100 ll/well, and allowed to incubate 1 h at room temper-

ature. Following this incubation, the plate was again

washed six times with TBST. Afterward, 100 ll of strep-

tavidin-HRP (Jackson Labs) diluted 1:5,000 was added to

each well. The plate was again incubated for 1 h, a final

series of six washes was performed, and 100 ll of 3,30,
5,50-tetramethylbenzidene substrate (TMB, Pierce) was

added to the wells and incubated at room temperature for

30 min. The development reaction was stopped with an

equal volume addition of 2 N phosphoric acid, and plates

were read on a Spectromax plate reader at 450 nm. ELISA

dilution curves for the recombinant standards and samples

were determined to be parallel, and the ELISA also dem-

onstrated excellent dilutional linearity. The sensitivity of

the assay (limit of the blank or mean plus 3 SD of the zero

calibrator) was determined to be 0.5 ng/ml.

Data Analysis

SigmaPlot, version 8.0 was used for fitting of the calibra-

tion curves for the ABCA1 ELISA. Data were analyzed

and plotted using the program FigP (Biosoft, St. Louis,

MO). Statistical analysis was performed using the same

program. A p value of less than 0.05 was considered to

indicate statistical significance.

Results

The first step toward development of our novel sandwich

ABCA1 ELISA consisted of production of recombinant

full-length ABCA1 protein (rABCA1). The resulting

recombinant protein was a C-terminal, flag-tagged, bacu-

lovirus-generated full-length rABCA1. Purity of the rAB-

CA1 protein was assessed by one-dimensional gel

electrophoresis followed by Coomassie blue staining

(Fig. 1a), which indicated that the protein migrated as a

predominate 250 kDa band. Based on the results shown in

Fig. 1a, the recombinant protein was judged to be approxi-

mately 90% pure. The identity of the protein was subse-

quently confirmed by Western blotting (Fig. 1b).

Following expression and characterization of rABCA1,

multiple antibodies were evaluated by immunoprecipitat-

ing ABCA1. To determine which antibodies might be

suitable, more than a dozen different antibodies were

evaluated for their ability to immunoprecipitate ABCA1

from control or TO901317-stimulated THP-1 cell lysates.

As Fig. 2a demonstrates, many of these antibodies

(including Abcam 7360 and Novus NB 400) failed to

efficiently immunoprecipitate ABCA1 in native phase, and

this was not unexpected considering the hydrophobic

nature of the 12 membrane-spanning domain protein. Two

antibodies were eventually identified that were capable of

binding the protein in native phase. The two antibodies

were tested with each other in a sandwich ELISA format

and were found to be compatible with each other with the

optimal orientation determined to be polyclonal capture

antibody (raised against a mid-region of the protein cor-

responding approximately to amino acids 1,100–1,300) and

monoclonal conjugate antibody (raised against a C-termi-

nal portion of the protein corresponding approximately to

amino acids 1,800–2,250).

The resulting ELISA thus incorporated a polyclonal

capture antibody that is paired with a biotinylated mono-

clonal detection antibody, which is subsequently detected

with streptavidin-HRP. To prepare a suitable standard

curve for the assay, recombinant protein was first diluted to

a concentration of 250 ng/ml and then subsequently seri-

ally diluted 1:2 to establish a 12-point standard curve.

Figure 2b shows a representative standard curve from the

final version of the sandwich ELISA.

Once the ABCA1 sandwich ELISA was developed, we

examined the effect of a well known LXR agonist

(TO901317) on human THP-1 macrophage expression of

ABCA1 protein. In order to do this, human-THP-1 mac-

rophages were differentiated and treated with 1 lM LXR

agonist TO901317 or 0.1% DMSO (vehicle control), and

incubated for 24 or 48 h. Following cell lysis, the resulting

lysates were analyzed using the ELISA as well as by

250-

148-

98-

64-

50-

36-

22-

16-

ABCA1

[ABCA1] (ng)

3     1.5    0.8    0.4    0.2

ABCA1250-

148-

98-

64-

50-

36-

22-

16-

A B

Fig. 1 Characterization of full length human recombinant ABCA1

protein. a Recombinant ABCA1 protein (250 ng) prepared as

described in the Methods was analyzed by SDS-PAGE followed by

Coomassie blue staining to assess purity of the protein. Recombinant

ABCA1 protein migrated as a predominate band with a molecular

weight of approximately 250 kDa, consistent with both the predicted

molecular weight of the protein and the observed size of endogenous

ABCA1 from THP-1 cells and PBMC. b In order to further confirm

the identity of the recombinant ABCA1 protein, multiple dilutions of

recombinant ABCA1 protein were analyzed by Western blotting with

monoclonal anti-ABCA1 antibody. Western blotting analysis dem-

onstrated an immunoreactive band at 250 kDa, consistent with the

migration of the protein as described in a
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immunoprecipitation and Western blotting. Figure 3 shows

the results from these experiments in which TO901317

caused a dramatic increase in ABCA1 protein expression in

the THP-1 cells.

THP-1 lysates were analyzed using our novel sandwich

ABCA1 ELISA, and the results were compared to those

obtained using immunoprecipitation and Western blotting.

Figure 3a shows the immunoprecipitation and Western

blotting results. Figure 3b shows the ELISA results, which

quantitated the LXR agonist up-regulation of ABCA1. As

Fig. 3b demonstrates, TO901317 caused a significant

increase in THP-1 ABCA1 protein expression at both 24 and

48 h compared to vehicle control. After 24 h, vehicle-treated

THP-1 lysates contained 9.6 ± 0.7 ng/ml of ABCA1 pro-

tein while TO901317-treated lysates contained 79.7 ±

1.4 ng/ml of ABCA1 protein (p \ 0.001 vs. control). After

48 h, vehicle-treated THP-1 lysates contained 5.8 ± 0.4 ng/ml

of ABCA1 protein while TO901317-treated lysates contained

TO901317

- +     - +     - +     - + 

Blot:
Anti-ABCA1 ABCA1

[ABCA1] (ng/ml) 
0.1 1 10 100 1000

4 

3 

2 

1 

0 

5 

A
45

0
A 

B

Fig. 2 Development of ABCA1 sandwich ELISA. a To determine

suitable antibodies for a sandwich ELISA, more than a dozen

different antibodies were evaluated for their ability to immunopre-

cipitate ABCA1 from control or TO901317-stimulated THP1 cell

lysates. Most antibodies such as Novus NB400 or Abcam 7360 were

not able to efficiently immunoprecipitate ABCA1. In contrast, the

antibody eventually chosen as one of the antibodies for the sandwich

ELISA very effectively immunoprecipitated ABCA1. Results are

representative of those obtained from screening more than a dozen

different anti-ABCA1 antibodies. b Following screening of antibodies

as described in a, an ABCA1 sandwich ELISA was developed using a

polyclonal capture antibody and monoclonal conjugate antibody. The

optimal orientation of antibodies was determined to consist of a

polyclonal capture antibody and conjugate, biotinylated monoclonal

antibody. A recombinant ABCA1 standard curve was established by

starting at a concentration of 250 ng/ml followed by serial 1:2

dilutions down to 0.25 ng/ml. The resulting ELISA standard curve

provided a suitable dynamic range for quantitation of ABCA1 protein,

with an approximate sensitivity of 0.5 ng/ml

IgG heavy 
chain

IgG light 
chain

ABCA1

1µM TO901317

ELISA Result (ng/ml) 8.2 77.3 

250-

148-

98-

64-

50-

36-

22-

16-

Control     TO901317 Control    TO901317

50      

100      

0      

A
B

C
A

1
(n

g/
m

l)
   

   
   

  

24 Hours 48 Hours

A

B

Fig. 3 Liver X receptor (LXR) agonist-induced increases in ABCA1

protein levels in THP-1 human macrophages. a Human THP-1

macrophage cells were treated with 1 lM of the LXR agonist

TO901317 for 24 h. Following processing, cell lysates were analyzed

by immunoprecipitation and Western blotting. Results are represen-

tative of two independent experiments. b LXR agonist-induced

increases in THP-1 macrophage cell ABCA1 protein at 24 and 48 h

were quantitated using the ABCA1 sandwich ELISA described in

Fig. 2. Results are shown as the mean ± SEM for triplicate

determinations
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45.6 ± 3.4 ng/ml of ABCA1 protein (p = 0.005 vs.

control).

To investigate the possibility that our novel sandwich

ABCA1 ELISA might have relevance as a clinical bio-

marker for LXR agonists, PBMC were harvested from

human donors and incubated with 1 or 10 lM TO901317

or 0.1% DMSO (vehicle control) for 24 h. Following cell

lysis, the resulting PBMC lysates were analyzed by ELISA

as well as by immunoprecipitation and Western blotting.

Figure 4a shows the immunoprecipitation and Western

blotting results from these experiments in which TO901317

caused a marked increase in ABCA1 protein expression in

the human PBMC.

Similar to the THP-1 lysates, PBMC lysates were also

analyzed using our novel sandwich ABCA1 ELISA, and the

results were compared to those obtained in Fig. 4a using

immunoprecipitation and Western blotting. Figure 4b

shows the results of this series of experiments, in which the

use of the sandwich ELISA quantitated LXR agonist

up-regulation of ABCA1 in human PBMC. As Fig. 4b

demonstrates, TO901317 caused a significant increase in

THP-1 ABCA1 protein expression in human PBMC at 24 h

compared to vehicle control. After 24 h, untreated and

vehicle-treated human PBMC lysates contained less than

0.5 ng/ml of ABCA1 protein while 1 lM TO901317-treated

human PBMC lysates contained 3.2 ± 0.3 ng/ml of

ABCA1 protein (p = 0.002 vs. control) and 10 lM

TO901317-treated human PBMC lysates contained 4.6 ±

0.6 ng/ml of ABCA1 protein (p = 0.008 vs. control).

Discussion

The critical role of ABCA1 in cholesterol efflux and RCT

makes it an attractive target for therapeutic development on

several fronts. As a result, there has been a need for a

sensitive method for quantifying ABCA1 at the protein

level. This has been made difficult due to the fact that

ABCA1 is a membrane protein containing 12 membrane-

spanning domains. Paul and colleagues recently described

a competitive ELISA that was standardized to an ABCA1

peptide and had a reported sensitivity of 80 ng/ml [27]. In

the current study, we describe a sandwich ELISA stan-

dardized to full-length recombinant ABCA1 protein with a

sensitivity of approximately 0.5 ng/ml.

This estimation of sensitivity of the ELISA, however,

must be interpreted with some caution due to the fact that

the recombinant protein used to standardize the assay was

not 100% pure, but was only approximately 90% pure as

judged by Coomassie blue staining. As a result, the true

sensitivity of the assay may not be 0.5 ng/ml. In addition, it

is possible that the assay may recognize authentic cellular

ABCA1 protein differently than recombinant ABCA1

protein. This too could mean that the actual sensitivity of

the assay for endogenous analyte may not be 0.5 ng/ml. It

also cannot be ruled out that the assay may have cross-

reactivity for other cellular protein components, which

could also alter the estimate of true sensitivity of the assay.

Nor can it be ruled out that there may be some cellular

fraction of ABCA1 protein (perhaps up to 10%) that is not

measured by the assay. Therefore, while the ELISA can be

used to measure relative changes in ABCA1 protein

expression levels such as those that occur in THP-1 cells

and PBMC following LXR agonist stimulation, absolute

ELISA  Result (ng/ml) <0.5 <0.5  4.1  5.2

IgG heavy 
chain

IgG light 
chain

ABCA1250-

148-

98-

64-

50-

36-

22-

16-

Untreated Vehicle

5      

10      

0      

A
B

C
A

1
(n

g/
m

l)

1 µM 10 µM          

TO901317

A

B

Fig. 4 A Liver X receptor (LXR) agonist increases ABCA1 protein

levels in human PBMC. a Human PBMC were treated with 1 and

10 lM of the LXR agonist TO901317 for 24 h. Following processing,

PBMC lysates were analyzed by immunoprecipitation and Western

blotting. Results are representative of those observed from four

different human blood donors. b LXR agonist-induced increases in

human PBMC at 24 h were quantitated using the ABCA1 sandwich

ELISA described in Fig. 2. Results are shown as the mean ± SEM

for quadruplicate determinations
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protein levels measured by the assay must be interpreted in

the proper context.

Macrophage LXRs play a major role in the inhibition of

atherosclerosis via direct regulation of ABCA1 gene expres-

sion [28, 29]. Therefore, THP-1 macrophage cells provide a

relevant model for screening LXR agonists, and additional

non-LXR compounds that may target up-regulation of RCT

by increasing ABCA1. In this study, we used our novel

ABCA1 sandwich ELISA to examine the effect of a well-

known LXR agonist, TO901317, on THP-1 macrophage

ABCA1 protein expression. Our ELISA demonstrated that

TO901317 induced an approximate eightfold increase in

ABCA1 protein levels. The dramatic increases observed help

indicate that the sandwich ELISA may be a reliable method to

measure the efficacy of LXR agonists.

We also isolated and treated human PBMC with

TO901317 to determine if a similar LXR-induced increase

in ABCA1 could be measured. Similar to what was

observed for the THP-1 cells, the resulting data again

demonstrated an approximate eightfold increase induced

by the LXR agonist. Together, these data are consistent

with the known up-regulation of ABCA1 mRNA and

protein (as assessed by Western blotting) following LXR

agonist treatment [24, 30, 31], indicating that our ELISA is

capable of quantitating LXR agonist-induced increase in

ABCA1 in human PBMC.

While statins are currently the most effective lipid

lowering agents for at risk hyperlipidemic patients, there

remains a significant portion of affected patients who are

either not able to tolerate statins, or for whom statin

treatment does not result in a desired reduction of LDL-C

levels. Furthermore, there are data that suggest statins

actually down-regulate ABCA1 gene expression in mac-

rophages by inhibiting the synthesis of an oxysterol ligand

for LXR [32, 33]. Such findings imply that treatments

targeting the up-regulation of ABCA1 could be beneficial

in enhanced lipid lowering for patients already being

treated with statins. As cardiovascular disease remains the

leading cause of morbidity and mortality in developed

countries, several approaches are being taken to capitalize

on the atheroprotective benefits of increasing RCT.

Therefore, our novel sandwich ELISA described in this

study, which provides a sensitive method to quantitatively

measure ABCA1 protein levels, may have utility for the

development of compounds designed to increase ABCA1

protein expression and reverse cholesterol transport.
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Abstract Clinical studies have shown that fiber con-

sumption facilitates weight loss and improves lipid pro-

files; however, the beneficial effects of high fermentable

fiber low glycemic index (GI) diets under conditions of

weight maintenance are unclear. In the Legume Inflam-

mation Feeding Experiment, a randomized controlled

cross-over feeding study, 64 middle-aged men who had

undergone colonoscopies within the previous 2 years

received both a healthy American (HA) diet (no legume

consumption, fiber consumption = 9 g/1,000 kcal, and

GI = 69) and a legume enriched (1.5 servings/1,000 kcal),

high fiber (21 g/1,000 kcal), low GI (GI = 38) diet (LG) in

random order. Diets were isocaloric and controlled for

macronutrients including saturated fat; they were con-

sumed each for 4 weeks with a 2–4 week break separating

dietary treatments. Compared to the HA diet, the LG diet

led to greater declines in both fasting serum total choles-

terol (TC) and low density lipoprotein cholesterol (LDL-C)

(P \ 0.001 and P \ 0.01, respectively). Insulin-resistant

(IR) subjects had greater reductions in high density lipo-

protein cholesterol (HDL-C; P \ 0.01), and triglycerides

(TAG)/HDL-C (P = 0.02) after the LG diet, compared to

the HA diet. Insulin-sensitive (IS) subjects had greater

reductions in TC (P \ 0.001), LDL-C (P \ 0.01), TC/

HDL-C (P \ 0.01), and LDL-C/HDL-C (P = 0.02) after

the LG diet, compared to the HA diet. In conclusion, a high

legume, high fiber, low GI diet improves serum lipid pro-

files in men, compared to a healthy American diet. How-

ever, IR individuals do not achieve the full benefits of the

same diet on cardiovascular disease (CVD) lipid risk

factors.

Keywords Legume intake � Lipids � Insulin resistance
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GI Glycemic index

GL Glycemic load

HA Healthy American diet

HDL-C High density lipoprotein cholesterol

HOMA-IR Homeostasis model assessment index

IOM Institute of Medicine

IR Insulin-resistant

IS Insulin-sensitive

LDL-C Low density lipoprotein cholesterol

LDL-C/HDL-C Low density lipoprotein cholesterol to

high density lipoprotein cholesterol ratio

LG Legume diet

LIFE Legume inflammation feeding

experiment

mRNA Messenger ribonucleic acid

MUFA Monounsaturated fatty acid

NDS-R Nutrition data system for research

PUFA Polyunsaturated fatty acid

RIA Radioimmunoassay

SFA Saturated fatty acid

sd-LDL Small dense LDL-C particle

TC Total cholesterol

TC/HDL-C Total cholesterol to high density

lipoprotein cholesterol ratio

TAG Triglyceride

TAG/HDL-C Triglyceride to high density lipoprotein

cholesterol ratio

VLDL Very low density lipoprotein

Introduction

Numerous studies have shown an inverse association

between intake of dietary fiber and risk for chronic diseases

such as cardiovascular disease (CVD) [1, 2] and type 2

diabetes mellitus [3]. The beneficial effects may be par-

tially due to fiber’s hypocholesterolemic [4–6] and hypo-

insulinemic effects [3]. On the basis of a number of

epidemiological studies on coronary heart disease (CHD)

[7–9], the Institute of Medicine (IOM) currently recom-

mends a daily consumption of 14 g of fiber per 1,000 kcal

for Americans (DGA 2005).

Legumes, such as pinto, navy, kidney, lima, and black

beans, are a rich source of dietary fiber but the effects of

these types of beans on blood lipid levels are limited. A

meta-analysis of 67 controlled trials was conducted to

quantify the hypocholesterolemic effects of major dietary

fibers [10]. The results demonstrated that daily intake of

2–10 g of soluble fiber was associated with significant

decreases in total cholesterol (TC, -1.7 mg/L per gram)

and low density lipoprotein cholesterol (LDL-C, -2.2 mg/

L per gram). A 12-week randomized dietary intervention

with 40 men and women with metabolic syndrome and 40

healthy subjects [11] reported that daily intake of a bean

entrée (130 g of cooked dry pinto beans) lowered serum

TC by 8% in the healthy population and by 4% in the

metabolic syndrome group. A limitation of legume-related

studies is that most recent interventions have been con-

ducted with a single test meal [12–15] or fiber supplement

[16, 17] and some of these studies were designed to test

short-term effects in hours or days [12, 14, 15].

The Legume Inflammation Feeding Experiment (LIFE

Study, [18]) was a randomized controlled cross-over feed-

ing study designed to test the effects of a legume-rich, high

fermentable fiber, low glycemic index (GI) diet on bio-

markers of inflammation and insulin resistance in middle-

aged men at high risk for colorectal cancer. An important

secondary objective of the LIFE Study was to evaluate the

effects of diet on serum lipids. We hypothesized that the

high legume low GI diet would significantly improve serum

lipid profiles. To our knowledge, this was the first ran-

domized controlled, cross-over feeding study designed to

assess the hypocholesterolemic effects of a mixture of the

five types of beans under conditions of weight maintenance.

Subjects and Methods

Subjects and Recruitment

All aspects of this study were approved by the Institutional

Review Boards of the Pennsylvania State University and

the National Cancer Institute. Sixty six non-smoking male

subjects age 35–75 who had undergone colonoscopies

within the previous 2 years were recruited in Central

Pennsylvania. The study was conducted from February 1st,

2006 to August 6th, 2008. History of colorectal adenomas

(yes or no) was combined with insulin resistance (yes or

no) for group classification. Insulin resistance was defined

by a homeostasis model assessment (HOMA-IR) index

level. The formula for calculation is as follows: fasting

insulin (lU/mL) 9 fasting glucose (mmol/L)/22.5 [19].

Subjects with a HOMA-IR index level equal or higher than

2.6 were considered insulin resistant [20, 21].

Criteria and Restrictions

All participants were prescreened by telephone interview

and a clinical screening test for study eligibility. In addition

to the colonoscopy, subjects had to meet the following

criteria: (1) weight maintenance or less than 10% body

weight loss 6 months prior to the present study, (2) body

mass index (BMI) within 20–37 kg/m2, (3) no history of
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colorectal cancer, bowel resection or inflammatory bowel

disease, (4) no serious medical conditions, e.g., heart dis-

ease, stroke, diabetes, renal or kidney disease, liver disease

or cirrhosis, or cancer within the last 10 years, (5) not

taking vitamin/mineral, herbal, or other nutritional sup-

plements, and (6) not taking any cholesterol-lowering,

glucose-controlling, or non-steroidal anti-inflammatory

(e.g. aspirin) medications.

The subjects who met the eligibility criteria were invited

to undergo clinical screening tests including a fasting blood

draw at the General Clinical Research Center (GCRC) at

Penn State University in University Park, PA, USA. Eli-

gible subjects were asked to return to the GCRC to have

resting metabolic rate measured and completed three 24-h

telephone diet calls (two on weekdays and one on week-

end) to estimate daily energy requirements.

Diet and Study Design

A detailed explanation of diet and study design was pub-

lished previously [18]. In brief, the randomized controlled

cross-over feeding study consisted of a first 4-week diet

period, a 2–4 week compliance break, and a second 4-week

diet period. The time period allowed for the test diet

intervention was sufficient to assure that lipids had stabi-

lized [22]. Subjects were first randomly assigned to either a

healthy American diet (HA) or an isocaloric legume diet

(LG; approximately 250 g of cooked pinto, navy, kidney,

lima, and black beans per day), and then were switched to

the other diet for the second feeding period. All foods for

this study were prepared and distributed by the metabolic

diet center at the GCRC. On weekdays, the participants ate

breakfast or dinner at the GCRC and on Fridays, all the

packed foods for weekends were taken home. The dieti-

tians recorded body weight and food consumption at each

visit. Uneaten foods were very little; they were returned to

the GCRC and were measured and recorded by study

dietitians daily as a measure of compliance. Seven-day

cycle menus were created for each test diet and evaluated

for percentages of energy contributed by each of the ma-

cronutrients using Nutrition Data System for Research

(NDS-R, 2006, Minneapolis, MN, USA); GI and GL were

calculated using Food Processor (2005). Total energy

intake was adjusted by study dietitians in 200 kcal incre-

ments to maintain participants’ body weights during the

diet periods (e.g. 2,000, 2,200, 2,400, 2,600 kcal, etc.).

Subjects were allowed up to two alcoholic beverages per

week while consuming the study diets. We used the same

or similar foods to design our menus. For example, subjects

had tuna pasta salad as lunch during the HA menu which

was replaced by Italian bean and tuna salad during the LG

menu. For dinner, the HA diet provided ginger chicken and

rice, while the LG diet provided ginger chicken and beans.

The ingredients of the two ginger chicken dishes were the

same except that the substitution of beans for rice. The LG

diet provided much of the protein from plant sources and

the HA diet provided more protein from chicken (skinless)

in order to meet the dietary recommendation for choles-

terol. Daily compliance questionnaires indicated very good

test diet adherence. Table 1 shows the composition of the

participants’ diets at entry (pre-study) and the two test

diets.

Sample Collection and Measurements

Anthropometric measurements were completed using

standardized methods by well-trained nurses at the GCRC

on Penn State University Park campus. At the beginning

and end of each test diet period, a 12-h overnight fasting

blood sample was drawn and serum was collected for

measurement of TC, LDL-C, HDL-C and TAG. All blood

samples were centrifuged at 3,2009g for 15 min at 4�C,

the supernatant was separated and aliquoted in cryovials,

and stored at -80�C. Serum lipids were measured at Penn

State Hershey Medical Center in the laboratory of Dr.

Laurence Demers. All samples from each subject were

grouped together for analysis in the same batch. Lipids

were measured using enzymatic procedures on an auto-

mated chemistry analyzer (Roche); the intra- and inter-

assay coefficients of variations (CV) for all biomarkers of

interest were less than 5%. Fasting plasma insulin was

measured using a human-specific insulin RIA (Linco-Mil-

lipore, MA, USA, HI-14 K; sensitivity, 2–200 lU/mL;

inter-assay CV, 2.9–6.0%; intra-assay CV, 2.4–4.4%).

Fasting plasma glucose was measured via an immobilized

enzyme biosensor using the YSI 2300 STAT Plus Glucose

and Lactate analyzer (Yellow Springs Instruments; inter-

and intra-assay CV were less than 5%).

Statistical Analysis

The means for the pre-study diet were calculated by 3-day

diet recalls and the means for the two test diets were based

on the average of each 7-day menu for a 2,000 kcal diet

(Table 1). The experimental diets and participants’ pre-

study diets were compared using one-way analysis of

variance (ANOVA) with the Tukey test to adjust for the

multiple comparisons. Baseline characteristics stratified by

subjects’ insulin resistance status were compared using

one-way ANOVA. Log-transformation of HOMA-IR

index, TAG, and TAG/HDL-C were performed for the

analyses because of skewed distributions. General linear

mixed models with repeated measurement (Proc mixed)

were used to test for the effects of diet, period, and their

interactions with change scores of all outcome variables.

Subject was treated as a random and diet treatment as a
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fixed effect. Akaike Information Criteria (AIC) and

Bayesian Information criteria (BIC) were evaluated to

decide model correlation structure; we used unstructured

based on these comparisons and because we believed the

covariance between diet treatments might be different.

Likelihood ratio tests were used to test for treatment

effects. Analyses were also completed using paired t tests

with similar results. Potential confounding by age, BMI,

adenoma status (yes/no), insulin resistance status (yes/no)

and initial biomarker status at study entry was assessed. We

also evaluated potential diet period and diet order effects

for their influence on end points of interest and no carry

over effect was detected. The results indicated that initial

insulin resistance status may be an important modifier for

the interpretation of the changes of some biomarkers at

study entry; therefore, we conducted analyses stratified by

insulin resistance status. There was no evidence that ade-

noma status was an important effect modifier; therefore,

stratified results were not presented. The change scores of

outcomes were based on the differences between the

beginning and the end of each dietary period for this var-

iable. The percentage changes were calculated based on the

change scores and respective biomarker value at study

entry. In addition, we evaluated and visualized the asso-

ciation between insulin resistance at study entry and the

changes in lipids during dietary intervention using Pearson

correlation and linear regression. Analyses were performed

using SAS version 9.1 (SAS Institute, Inc, Cary, NC,

USA). Significance was set at P \ 0.05.

Results

Sixty-four subjects finished all test diet periods. Two sub-

jects dropped out in the first week of the first test diet

period because of loss of interest (completion rate = 97%).

Subjects who were insulin-resistant (IR) had higher BMIs,

larger waist circumferences, and higher fasting serum

glucose, insulin, and TAG levels than those who were

insulin-sensitive (IS) (Table 2). Subjects with a previous

history of adenomas were older than those who were

adenoma-free; other descriptive variables did not vary

significantly by adenoma status (data not shown).

Effects of Experimental Diets on Serum Lipids

Changes in lipids on the two test diets are presented in

Table 3. Compared with the HA diet, the LG diet resulted

in significantly greater reductions in TC (-11 ± 3 mg/dL,

P \ 0.001) and LDL-C (-9 ± 3 mg/dL, P \ 0.01) levels.

Table 1 Nutrient and food profile of the experimental diets (compared to pre-study diet)

Nutrient/food group Pre-study diet Healthy American (high GI) diet Legume (low GI) diet P valuea

Glycemic index 60 ± 6 69 ± 3b 38 ± 2b,c \0.001

Glycemic load 165 ± 77 152 ± 8 84 ± 4b,c \0.001

Total Fat (% kcal) 35 ± 7 34 ± 1 34 ± 1 0.85

SFA (% kcal) 12 ± 3 11 ± 1 12 ± 1 0.71

MUFA (% kcal) 13 ± 3 13 ± 1 13 ± 2 0.87

PUFA (% kcal) 7 ± 2 8 ± 1 7 ± 2 0.41

Protein (% kcal) 16 ± 3 18 ± 1 18 ± 1 0.05

Carbohydrate (% kcal) 48 ± 8 50 ± 2 51 ± 1 0.60

Added sugar (g/1,000 kcal) 31 ± 15 25 ± 15 20 ± 7 0.14

Total fiber (g/1,000 kcal)d 9 ± 3 9 ± 1 21 ± 1b,c \0.001

Soluble fiber (g/1,000 kcal)d 2 ± 1 2 ± 1 4 ± 1b,c \0.001

Insoluble fiber (g/1,000 kcal)d 7 ± 2 7 ± 1 17 ± 1b,c \0.001

Cholesterol (mg/1,000 kcal)d 125 ± 52 98 ± 9 70 ± 11b 0.001

Fruit (serving/1,000 kcal)d 0.7 ± 0.6 0.9 ± 0.4 1.3 ± 0.3b 0.02

Vegetable (serving/1,000 kcal) 1.4 ± 0.7 1.8 ± 0.5 2.2 ± 0.6b 0.01

Legume (serving/1,000 kcal)d,e 0.1 ± 0.2 0.0 ± 0.0 1.5 ± 0.0b,c \0.001

Values are reported as means ± SD. The mean for 3-day diet recalls were used to assess participants’ pre-study diets, the means of 7-day menus

(on 2,000 kcal level) reflect the two test diets (HA and LG)
a P values reflect the overall difference across the three diets using one-way ANOVA with Tukey tests to adjust for the multiple comparisons
b Different from pre-study diet, P \ 0.1
c Different from Healthy American diet, P \ 0.1
d Data were log-transformed for analysis
e Legumes were excluded in the vegetables
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The LG diet reduced TC (10%, P \ 0.001), LDL-C

(10.9%, P \ 0.001), and TAG (14.8%, P \ 0.01) over the

4 week feeding period. The HA diet also reduced TC (4%,

P \ 0.01) and TAG (12.6%, P \ 0.01) but had less effect

on LDL-C (3.1%, P = 0.09). Both test diets slightly low-

ered HDL-C concentrations. We also analyzed three ratios

(TC/HDL-C, LDL-C/HDL-C, and TAG/HDL-C) that are

predictors of CVD risk. The changes between test diets did

not differ. The LG diet was associated with significant

reductions in TC/HDL-C (3%, P = 0.02) and LDL-C/

HDL-C (3.5%, P = 0.02) over the 4 week feeding period.

The HA diet was associated with a significant reduction in

TAG/HDL-C (13.5%, P = 0.03).

Effects of Experimental Diets on Serum Lipids

Stratified by Insulin Resistance Status

We observed effect modification of the diet on biomarkers of

interest by IR status (HDL-C, P-interaction = 0.03; TAG, P-

interaction = 0.03; TC/HDL-C, P-interaction \ 0.001;

TAG/HDL-C, P-interaction = 0.01); therefore, we present

our results stratified by insulin resistance status (IR or IS,

Table 4). Among IS subjects, the LG diet led to greater

reductions in TC (-14 ± 4 mg/dL, P \ 0.001), LDL-C

(-10 ± 4 mg/dL, P \ 0.01), TC/HDL-C (-0.30 ± 0.10,

P \ 0.01), and LDL-C/HDL-C (-0.20 ± 0.08, P = 0.02),

compared with the HA diet. The 4-week LG diet favorably

Table 2 Baseline characteristics of study subjects by insulin resistance status

Overall mean Insulin sensitive (IS) Insulin resistant (IR) P valuea

N 64 36 28

Age (years) 54.5 ± 7.8 53.8 ± 7.6 55.5 ± 8.0 0.38

BMI (kg/m2) 28.7 ± 3.5 27.4 ± 3.2a 30.3 ± 3.2b \0.001

Waist circumference (cm) 97.2 ± 9.3 93.2 ± 8.7a 102.3 ± 7.5b \0.001

Systolic blood pressure (mmHg) 123 ± 11 121 ± 10 126 ± 12 0.11

Diastolic blood pressure (mmHg) 81 ± 7 79 ± 6a 82 ± 7b 0.04

TC (mg/dL) 200 ± 37 195 ± 37 207 ± 37 0.19

HDL-C (mg/dL) 45 ± 11 47 ± 12 43 ± 10 0.15

LDL-C (mg/dL) 129 ± 32 127 ± 31 131 ± 35 0.60

TAG (mg/dL)b 135 ± 72 108 ± 48a 171 ± 83b \0.001

Glucose (mg/dL) 97.3 ± 8.9 93.7 ± 7.9a 101.9 ± 7.9b \0.001

Insulin (lU/mL)b 11.6 ± 7.6 7.4 ± 2.6a 17.0 ± 8.5b \0.001

Values are reported as means ± SD
a Baseline characteristics stratified by subject’s insulin resistant status were compared using one-way ANOVA. The different letters show

statistical differences at a = 0.05
b Data were log-transformed for the analysis

Table 3 Effects of diets on study endpoints

Study entry DLG P valuea DHA P valueb DLG - DHAc P valued

TC (mg/dL) 200 ± 5 -20 ± 3 (10%) \0.001 -8 ± 3 (4%) \0.01 -11 ± 3 \0.001

HDL-C (mg/dL) 45 ± 1 -3 ± 1 (6.7%) \0.001 -1 ± 1 (2.2%) 0.04 -2 ± 1 0.05

LDL-C (mg/dL) 129 ± 4 -14 ± 2 (10.9%) \0.001 -4 ± 2 (3.1%) 0.09 -9 ± 3 \0.01

TAG (mg/dL)e 135 ± 9 -20 ± 6 (14.8%) \0.01 -17 ± 5 (12.6%) \0.01 -3 ± 8 0.93

TC/HDL-C 4.61 ± 0.15 -0.15 ± 0.06 (3%) 0.02 -0.08 ± 0.06 (1.7%) 0.17 -0.07 ± 0.08 0.39

LDL-C/HDL-C 2.97 ± 0.12 -0.12 ± 0.05 (3.5%) 0.02 -0.01 ± 0.05 (0.3%) 0.87 -0.11 ± 0.06 0.09

TAG/HDL-Ce 3.40 ± 0.31 -0.28 ± 0.18 (9.4%) 0.27 -0.40 ± 0.17 (13.5%) 0.03 0.12 ± 0.27 0.52

Values are reported as means ± SEM (percentage change); n = 64. General linear mixed models with repeated measurement (Proc mixed) were

used to test for the effects of diet, period, and their interactions with study outcomes

DLG = change over the 4-week enriched-legume diet, DHA = change over the four-week isocaloric healthy American diet
a Statistical significance over the enriched-legume diet
b Statistical significance over the healthy American diet
c DLG - DHA = difference in change between the two diets
d Statistical significance of the difference in change between the two diets
e Data were log-transformed for the analysis
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reduced almost all lipid profiles; however, the 4-week HA

diet only improved TC concentrations. Both test diets

reduced HDL-C concentrations (-2 ± 1 mg/dL, P = 0.02,

respectively) without between-diet difference.

Among IR subjects, the HA diet tended to have more

favorable effects on the TAG/HDL-C ratio (P = 0.02),

compared with the LG diet. The LG diet significantly

decreased fasting serum TC, HDL-C, and LDL-C con-

centrations (P \ 0.001 for each) but not in TAG or the

HDL-related ratios. The HA diet significantly decreased

TC, TAG, and TAG/HDL-C (P = 0.01, P \ 0.001, and

P \ 0.01, respectively).

Effects of Insulin Resistance Status at Study Entry

on Lipid R esponses

We calculated the differences between the change scores

during the LG diet and those during the HA diet (subtract

the change scores over the HA diet from the change scores

over the LG diet) and regressed on HOMA-IR values

(at study entry). Figure 1 shows an inverse association;

subjects with worse insulin resistance at study entry had

smaller reductions in TC/HDL-C ratio (b = 0.27, R2 = 0.11,

P = 0.03).

Discussion

In the LIFE study under conditions of weight maintenance,

the legume-rich, high fermentable fiber, low GI diet (LG)

led to greater reductions in fasting serum TC and LDL-C

concentrations. It is possible that the higher fiber and

reduced cholesterol consumption acted to decrease fat

absorption and lower hepatic synthesis of cholesterol

contributing to lower circulating lipids. Another possibility

is that the reduced GI and GL of the legume diet played a

role in favorably altering lipid concentrations. Low GI and

GL diets favor insulin sensitivity. Insulin inhibits the

mobilization of free fatty acids from adipose tissue, thus

lowering hepatic production of very low density lipopro-

tein (VLDL) and maintaining low levels of TC and LDL-C.

Possibly, these changes accounted for greater reductions in

TC and LDL-C concentrations on the LG diet.

Many but not all [23, 24] studies have shown hypo-

cholesterolemic effects of dietary fiber [11, 13, 16, 17, 25–

27]; however, studies specifically on legume consumption

are still limited. Anderson et al. [4] reported that incorpo-

rating 100 g of dried beans into a Western diet for 28 days

decreased TC (18.7%) and LDL-C (23.1%) in men

(n = 6). In a feeding study of 24 hyperlipidemic men who

Table 4 Effects of diets on study endpoints among subjects stratified by insulin resistance status

Changes during the LG diet Changes during the HA diet Difference between

the two diets

Baseline DLG P value Baseline DHA P value DLG - DHAa P value

IS (n = 36)

TC (mg/dL) 192 ± 6 -22 ± 3 (11.3%) \0.001 188 ± 5 -7 ± 3 (3.7%) 0.04 -14 ± 4 \0.001

HDL-C (mg/dL) 46 ± 2 -2 ± 1 (4.3%) 0.02 47 ± 2 -2 ± 1 (4.3%) 0.02 0 ± 1 0.97

LDL-C (mg/dL) 124 ± 5 -15 ± 3 (12.1%) \0.001 121 ± 4 -4 ± 3 (3.3%) 0.17 -10 ± 4 \0.01

TAG (mg/dL)b 123 ± 12 -27 ± 8 (22.0%) \0.01 102 ± 7 -5 ± 6 (4.9%) 0.22 -23 ± 10 0.12

TC/HDL-C 4.34 ± 0.18 -0.30 ± 0.08 (6.9%) \0.001 4.14 ± 0.15 -0.01 ± 0.07 (0.2%) 0.93 -0.30 ± 0.10 \0.01

LDL-C/HDL-C 2.79 ± 0.14 -0.19 ± 0.06 (6.8%) \0.01 2.67 ± 0.13 0.001 ± 0.069 (0.04%) 0.98 -0.20 ± 0.08 0.02

TAG/HDL-Cb 3.03 ± 0.41 -0.67 ± 0.23 (22.1%) 0.05 2.43 ± 0.25 -0.02 ± 0.22 (0.8%) 0.71 -0.65 ± 0.34 0.21

IR (n = 28)

TC (mg/dL) 204 ± 7 -17 ± 3 (8.3%) \0.001 206 ± 8 -10 ± 4 (4.9%) 0.01 -7 ± 5 0.13

HDL-C (mg/dL) 43 ± 2 -4 ± 1 (9.3%) \0.001 42 ± 2 -0.4 ± 0.9 (1.0%) 0.69 -4 ± 1 \0.01

LDL-C (mg/dL) 128 ± 6 -12 ± 3 (9.4%) \0.001 129 ± 7 -4 ± 4 (3.1%) 0.33 -8 ± 4 0.05

TAG (mg/dL)b 164 ± 15 -10 ± 9 (6.1%) 0.30 180 ± 17 -33 ± 7 (18.3%) \0.001 23 ± 12 0.11

TC/HDL-C 4.88 ± 0.24 0.05 ± 0.09 (1.0%) 0.60 5.05 ± 0.26 -0.17 ± 0.09 (3.4%) 0.05 0.22 ± 0.12 0.06

LDL-C/HDL-C 3.07 ± 0.18 -0.01 ± 0.07 (0.3%) 0.84 3.14 ± 0.20 -0.02 ± 0.08 (0.6%) 0.77 0.01 ± 0.09 0.93

TAG/HDL-Cb 4.12 ± 0.47 0.21 ± 0.26 (5.1%) 0.57 4.79 ± 0.62 -0.90 ± 0.26 (18.8%) \0.01 1.11 ± 0.39 0.02

Values are reported as means ± SEM (percentage change)

IS insulin-sensitive subjects, DLG = change over the enriched-legume diet, DHA = change over the isocaloric healthy American diet, IR
insulin-resistant subjects
a DLG - DHA = change between the two diets
b Data were log-transformed for the analysis
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consumed 120 or 162 g beans with tomato sauce for

21 days [28], both serum TC and LDL-C were significantly

decreased (10.4 and 8.4%, respectively). Pittaway et al.

[29] reported that an addition of 104 g of chickpeas into

ad libitum diet for 12 weeks led to improvements in both

TC (7.7 mg/dL) and LDL-C (7.3 mg/dL) among 13 pre-

and 19 postmenopausal women and 13 men at high risk for

CVD. Collectively, these studies demonstrate a hypocho-

lesterolemic effect of legume consumption; yet, they were

not designed as controlled feeding experiments. Among

these clinical studies, weight changes either were not

mentioned [14, 25, 30] or weight slightly decreased [26]. In

our study, subject body weights were measured daily and

their calorie intake adjusted for weight maintenance;

therefore, changes in lipids were independent of weight

loss.

The present study showed that both the LG diet and the

HA diet significantly lowered fasting TAG concentrations.

Our observations supported several [28, 31] but not all [13,

14] earlier feeding studies in terms of TAG-lowering

influence. We observed that the HA diet lowered fasting

TAG similarly to the LG diet. We compared the total and

added sugars of the two experimental diets with that of the

subjects’ own diet; however, we did not find significant

differences. It is possible that the TAG-lowering effects

might not result from fiber consumption or GI. The LG diet

provided increased plant protein in the diet. To match

protein intake and maintain a lower cholesterol intake, we

added more chicken, milk, and fish to the HA diet. Dif-

ferences among both test diets compared to pre-study diets

(e.g. protein consumption) may have contributed to the

reductions in TAG observed with both diets [32].

Fruit and vegetables are good sources of many vitamins,

minerals and bioactive compounds, which have been

shown to possess cardioprotective effects. Antioxidants in

fruit and vegetables such as vitamin C, carotenoids, vita-

min E, and flavonoids may reduce CVD by reducing lipid

oxidation and inflammation in the artery wall. The B-

complex vitamins such as folate and B6 may reduce CVD

by lowering circulation homocysteine. A number of epi-

demiological studies demonstrate the inverse association

between fruit and vegetable consumption and CVD risk

[33–37]. In the National Heart, Lung, and Blood Institute

Family Heart Study of 4,466 men and women aged 25 and

older followed from 1993 to 1995 [38], persons in the

higher range of fruit and vegetable consumption (mean of

5.4 servings/day for men and 5.5 servings/day for women)

had lower fasting LDL-C concentrations (P for trend

\0.0001 for each), compared to those in the lower range

(mean of 1.4 servings for both). In the present study, we

observed that both the LG and HA diets provided higher

amounts of fruit and vegetables compared with subjects’

usual diets, although the differences were only significant

between the LG diet and subjects’ usual diets.

Several cross-sectional studies have reported that high

dietary GI was inversely associated with HDL-C [39–43]

and positively associated with LDL-C [43] and TAG

concentrations [40, 43]. High dietary GL was inversely

associated with HDL-C [39, 40, 43, 44] and was positively

associated with TAG concentrations [40, 43, 44]. Ma et al.

[41] reported an inverse associations between GL, TC and

LDL-C concentrations; however, Du et al. [42] reported

non-significant associations between GL and lipid and

lipoprotein concentrations. Randomized intervention trials

2.0

1.5

1.0

0.5

0.0

0.5

1.0

1.5

0 2 4 6 8 10 12 14

D
if

fe
re

nc
es

 in
 T

C
/H

D
L

 C
ho

le
st

er
ol

 R
at

io
 C

ha
ng

es
 o

n 
th

e 
T

w
o 

D
ie

ts
 

HOMA-IR Index at Study Entry 
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and differences in TC/HDL
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the change scores over the HA

diet from the change score over

the LG diet, thus changeLG -

changeHA (n = 64; b = 0.266,

R2 = 0.11, P = 0.025)
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showed that low GL diets [45, 46] favorably improved

HDL-C and/or TAG concentrations. In the present study,

we observed that a high legume low GI/GL diet signifi-

cantly reduced fasting serum TC and LDL-C concentra-

tions; the results are consistent with the previous

investigations. We also observed that fasting HDL-C con-

centrations decreased after the 4-week low GI/GL dietary

intervention, which is not consistent with the aforemen-

tioned studies. The difference may be due to different study

designs and target populations. In addition, unlike these

studies, the present study controlled subjects’ body weight

and overall food intake.

The LIFE study was designed to evaluate the effects of

fiber consumption on lipid profiles; however, other com-

ponents such as phytosterols may also consider a mecha-

nism for lipid reduction. Stanols and sterols, are primarily

present in nuts, vegetable oils, seeds, cereals, and legumes

[47]. Plant stanols and sterols have similar chemical

structures to cholesterol; they may reduce cholesterol

absorption by enterocytes [48] and the esterification rate of

cholesterol in the enterocytes [49]. Decreased cholesterol

absorption stimulates cholesterol synthesis [50] as well as

the expression of LDL receptor mRNA [51] increasing

LDL clearance and lowering LDL production resulting in

lower circulating total cholesterol levels.

Metabolic syndrome causes dyslipidemia partially as

the result of insulin resistance [52]. Our results demon-

strate that insulin resistance may blunt response to a

legume-enriched, high fiber diet. Among IS subjects, the

LG diet led to significant reductions of all lipid profiles as

well as the three ratios; however, among IR subjects, the

same diet only had strong effects on the reductions of TC,

LDL-C, and HDL-C. The HA diet led to significant

reductions in TC and HDL-C among IS subjects; the same

diet also had strong effects on TC, TAG, and TAG/HDL-

C among IR subjects. Lefevre et al. [53] reported that

subjects who had higher BMIs and waist circumferences,

greater percentages of body fat and higher fasting insulin

concentrations had smaller reductions in TC, LDL-C, TC/

HDL-C after a Step II (low fat, low saturated fat) diet.

Our results are consistent with this study. We observed

that subjects who had higher HOMA-IR values at study

entry had smaller reductions in TAG, TC/HDL-C,

LDL-C/HDL-C, and TAG/HDL-C after the LG diet,

though the reduction was only statistically significant for

TC/HDL-C. Different from Lefevre’s report, we found

that subjects’ BMIs at study entry did not predict changes

in any lipid profiles or HDL-C related ratios.

Many human clinical studies have shown that a reduced

intake of saturated fat may lower the risk for cardiovascular

disease by decreasing TC and LDL-C concentrations [22,

32, 53, 54]. The effects of these types of diets on lowering

TAG levels have been variable [22, 32, 54]. In the present

study, we observed that moderate total (34%) and saturated

fat (12%) with high fermentable fiber consumption also

lowered TC and LDL-C concentrations, whereas the HA

diet only lowered TC. The differences observed between

test diets was significant for TC and LDL-C demonstrating

an effect of total and soluble fiber, and possibly GL.

Changes of this magnitude suggest that high fermentable

fiber consumption may be another approach to lower risk

for CVD [55].

There are several strengths of our study. First, we

implemented a randomized, cross-over controlled feeding

study design. In addition, we matched the two test diets so

that they were isocaloric and provided similar percentages

of energy from total fat, saturated fat, carbohydrate, and

protein under conditions of weight maintenance. Second,

though fiber consumption was higher than daily recom-

mendations, the LG diet was well-tolerated.

There are some limitations in the present study. The

present study defined insulin resistance by the HOMA-IR

index, which has been widely used for clinical evaluation

of insulin resistance. The cutoff value used in our study and

others is somewhat subjective; however, the decision was

based on two recent human clinical trials [20, 21]. Addi-

tionally, studies show that the classification of insulin

resistance according to the HOMA-IR index is highly

correlated to the ones based on the euglycemic insulin

clamp technique, the gold standard for evaluation of insulin

sensitivity/resistance [56, 57]. The LG diet included less

dietary cholesterol than the HA diet; therefore, we are not

able to rule out the possibility that dietary cholesterol

consumption contributed to the observed effects on serum

cholesterol levels. However, our analysis showed that the

difference in dietary cholesterol between the LG and HA

diet was not statistically significant. In addition, a 20 mg/

day increment in dietary cholesterol intake only results in a

very small change of serum cholesterol according to a

meta-analysis of 27 studies [58]. Next, we only measured

the changes in selected lipid/lipoprotein biomarkers.

Recent studies indicate that small dense LDL-C particle

(sd-LDL) level is a better predictor for CHD [59] than

LDL-C. Apolipoprotein B (apoB) is the primary apolipo-

protein in LDL-C; measurement of apo B may provide

additional information on changes in LDL particle size.

Similarly, apo A-I is the primary apolipoprotein in HDL-C;

measuring the change in apo A-I may help to track the

change in HDL particle size.

In conclusion, this study adds to the growing evidence

that incorporating legumes in the moderate-fat diet

improves lipid profiles, thus potentially lowering CVD risk.

However, a cautionary note must be added since insulin

resistance is highly prevalent and increasing, and individ-

uals in this study with insulin resistance responded less

favorably to the legume enriched, high fermentable fiber,
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low glycemic index diet than those without insulin

resistance.
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Abstract Certain fatty acids in canola oil (CAN) have

been associated with a reduced risk of breast cancer.

This study assessed the effects of CAN on proliferation

and death of human breast cancer cells in vitro and in

vivo in chemically induced mammary carcinogenesis. We

hypothesize that CAN reduces breast cancer cell growth by

inducing cell death. In a series of in vitro experiments,

human breast cancer T47D and MCF-7 cells were cultured

and treated with CAN and two chemotherapeutic drugs,

tamoxifen and cerulenin. Cell proliferation and caspase-3

and p53 activities were measured. Reduced cancer cell

growth and increased expression of caspase-3 and p53 were

seen in T47D and MCF-7 cells treated with CAN.

Moreover, CAN showed synergistic cancer cell growth

inhibition effects with tamoxifen and cerulenin. In a sub-

sequent live animal experiment, 42 female Sprague–

Dawley rats were randomly assigned to corn oil (CORN) or

CAN diets, and mammary tumors were chemically induced

by N-nitroso-N-methylurea. CAN-dieted rats had reduced

tumor volumes and showed an increased survival rate as

compared to CORN-dieted rats. We demonstrated that

CAN has suppressive effects on cancer growth, and redu-

ces tumor volumes. The results suggest that CAN may have

inhibitory effects on breast cancer cell growth, and war-

rants further investigation of the synergistic effects of CAN

with anti-cancer drugs.

Keywords Canola oil � Breast cancer � Tamoxifen �
Cerulenin � Caspase-3 � p53 � Sprague–Dawley rat �
N-nitroso-N-methylurea

Abbreviations

ALA Alpha-linolenic acid

CAN Canola oil

CORN Corn oil

ER Estrogen receptor

FITC Fluorescein isothiocyanate

MTS Dimethylthiazol carboxymethoxyphenyl

sulfophenyl tetrazolium

NMU N-nitroso-N-methylurea

OA Oleic acid

PI Propidium iodide

Introduction

Breast cancer is the most common malignancy among

women in western countries, where one out of every eight

will develop it during her lifetime [1, 2]. More than

180,000 new breast cancer diagnoses are made in the

United States each year, and over 40,000 women will die

from the disease [3]. This high incidence of breast cancer

in the US is associated with diets rich in total and saturated

fats, which are typical of western lifestyles [1, 4]. How-

ever, many epidemiological studies provide evidence for a

close relationship between certain fatty acids, such as

omega-3, and reduced cancer risk [5, 6].

Dietary fats have profound effects on cell membrane,

metabolism and gene expression. Essential fatty acids, like

omega-3 and omega-6, cannot be synthesized by the human
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body and must be obtained in the diet [7]. Canola oil

(CAN) contains both of these fats, along with low levels of

saturated fat, and high levels of monounsaturated (oleic

acid, OA) and polyunsaturated (alpha-linolenic acid, ALA)

fatty acids [8, 9]. The majority of studies to date have

linked ALA and OA with a reduced risk of breast cancer,

but omega-6 and saturated fats with an increased risk

[6, 10].

A lower ratio between omega-6 and omega-3 fatty acids

seems to be helpful in reducing the risk of breast cancer,

and CAN has a very favorable 2:1 ratio between omega-6

and omega-3 fatty acids [8]. When this ratio is imbalanced,

a variety of health issues may appear, including breast

cancer [11, 12]. It has been established that certain fatty

acids have inhibitory effects on cancer cells, but the role of

omega-6 and omega-3 fatty acids remains controversial

[13]. Even so, ensuring that the consumption of omega-6

and omega-3 fatty acids is in the correct ratio could protect

against breast cancer [9, 10].

The health benefits of CAN are widely accepted in the

field of nutrition, particularly in relation to cardiovascular

disease. However, information is limited on its effects on

breast cancer. We hypothesize that CAN reduces breast

cancer cell growth by inducing cell death. The objectives

of this study were to determine if CAN affects the prolif-

eration and death of human breast cancer cells in vitro with

chemotherapeutic drugs, and to see if it reduces the sus-

ceptibility of cancer cells to chemically induced mammary

carcinogenesis in vivo.

Experimental Procedure

Cell Culture

The estrogen receptor (ER) positive human breast cancer

T47D (ductal carcinoma) and MCF-7 (adenocarcinoma)

cell lines were obtained from the American Type Culture

Collection (ATCC, Manassas, VA, USA). They were

grown in Roswell Park Memorial Institute 1640 medium

(RPMI 1640, Gibco-Invitrogen, Carlsbad, CA, USA) and

Dulbecco’s modified Eagle’s minimum essential medium

(DMEM, Gibco-Invitrogen), respectively. Both were sup-

plemented with 10% v/v heat-inactivated fetal bovine

serum (Gibco-Invitrogen) and 1% v/v antibiotic–antimy-

cotic solution (Gibco-Invitrogen) and grown at 37 �C in a

5% CO2-humidified atmosphere.

Materials

CAN was filtered and added aseptically from stock solu-

tions to 100% ethanol and brought to a final ethanol

concentration of 0.5% v/v [14]. CAN stock solutions were

pre-warmed and vigorously stirred before addition to cell

medium. The appropriate or optimal doses of CAN and

chemotherapeutic drugs, tamoxifen (10 lM, Sigma-

Aldrich, St Louis, MO, USA) and cerulenin (5 mg/l,

Sigma-Aldrich), were determined from dose response

studies. Controls always included ethanol at the appro-

priate concentration.

Cell Proliferation Assay

The colorimetric MTS (3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-

lium) assay (CellTiter 96 Aqueous One Solution Reagent,

Promega, Madison, WI, USA) was used to measure cell

proliferation. Briefly, cells were seeded in 96-well flat-

bottomed tissue culture plates (5 9 103 cells/well in

100 ll), and exposed to CAN. After 24–96 h of incubation,

they were incubated for 1–4 h with 10% MTS solution.

The degree of cell proliferation was evaluated numerically

by measuring the absorbance at 490 nm with a Spectra-

Max Microplate Reader (Molecular Devices, Sunnyvale,

CA, USA). The cell proliferation was calculated and

expressed based on the following formula: ([treated cell

absorbance - initial (seeding) cell absorbance]/initial

(seeding) cell absorbance) 9 100.

Caspase-3 Assay

The protease activity of caspase-3 was measured using a

colorimetric assay with the CaspACE assay system (Pro-

mega). Briefly, cells were cultured in 24-well flat-bottomed

tissue culture plates (5 9 104 cells/ml) and treated with

CAN. Cultured cells were washed twice with phosphate-

buffered saline (PBS) and re-suspended in a cell lysis

buffer (Promega). Cell lysates were incubated with a

colorimetric substrate, N-acetyl-Asp-Glu-Val-Asp-amino-

p-nitroanilide (Ac-DEVD-pNA). After an overnight incu-

bation, the release of p-nitroaniline from Ac-DEVD-pNA

was measured at 405 nm.

p53 Assay

The p53 activity was determined by using an enzyme

immunometric assay kit (TiterZyme EIA Kit, Assay

Designs, Ann Arbor, MI, USA). Cultured cells (5 9 104

cells/ml) were washed twice with PBS and re-suspended in

cell lysis buffer (Sigma-Aldrich). The cell lysates were

centrifuged. The supernatants were incubated on a plate

pre-immobilized with p53 polyclonal antibody and they

reacted with the labeled antibody. The absorbance was

measured at 450 nm.
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Flow Cytometric Analysis

Cell death was determined by double-staining with fluo-

rescein isothiocyanate (FITC)-conjugated annexin V and

propidium iodide (PI) (Sigma-Aldrich) as described pre-

viously [15]. Cells were harvested and washed with PBS

containing 0.5% bovine serum albumin (Sigma-Aldrich)

and 0.1% sodium azide (Sigma-Aldrich). They were then

incubated with FITC-conjugated annexin V and PI. Cells

were washed and then analyzed using an Accuri C6

cytometer and Cflow software (Accuri Cytometers, Ann

Arbor, MI, USA).

Chemotherapeutic Drug Treatments

T47D and MCF-7 cells were seeded in 96-well flat-

bottomed tissue culture plates (5 9 104 cells/ml). They

were cultured simultaneously for 24–96 h with media

containing various combinations of CAN and the chemo-

therapeutic drugs tamoxifen and cerulenin. Afterwards, cell

proliferation was measured.

Animals and Diets

Forty-two female Sprague–Dawley rats (3 weeks of age)

were purchased from Harlan (Indianapolis, IN, USA) and

acclimated to the experimental environment for 1 week

with ad libitum access to water and a standard control

AIN-76 diet. After acclimation, all rats were randomly

assigned to receive modified AIN-76 CORN or CAN diets

(Table 1) [16]. All animal procedures and techniques

were approved by the Institutional Animal Care and Use

Committee of North Dakota State University. The

experimental diets were formulated to be both isocaloric

and isonitrogenous.

Tumor Induction and Measurement

All rats were injected subcutaneously with a single dose of

N-nitroso-N-methylurea (NMU, Sigma-Aldrich, 50 mg/kg

body weight) dissolved in PBS acidified with acetic acid.

The rats were palpated twice weekly to detect the presence

of mammary tumors. The time of appearance of the first

tumor (latency period) and location of mammary tumors

were recorded and tumor sizes were measured. The tumor

volume was calculated using the following formula:

(length 9 width)/2 [17].

Statistical Analysis

Cell culture experiments were conducted at least three

times in triplicate or quadruplicate. Results are expressed

as means ± SEM of independent determinations. Statisti-

cal analysis was performed using Student’s t test and one-

way ANOVA followed by Tukey’s test (Minitab Release

14.1, Minitab Inc., State College, PA, USA). Differences

were considered significant at P \ 0.05. Animal experi-

ment data were analyzed using the General Linear Models

(SAS 9.1, Statistical Analysis System Institute, Cary, NC,

USA) with a two sample t test. For comparison of the least

square means, values on tumor volumes were log scaled

(log10 tumor volume).

Results

T47D and MCF-7 Cancer Cell Growth Response

The cell proliferation of T47D and MCF-7 cells was

examined in the presence of 0.001–1 mM of CAN for time-

and dose-dependent studies. At 0.001 and 0.01 mM con-

centrations, CAN did not have any significant inhibitory

effect on T47D and MCF-7 cells. However, cell growth

was decreased at 0.1 mM (data not shown). As shown in

Fig. 1, CAN treatment resulted in a significant growth

inhibition of T47D and MCF-7 cells in a time-dependent

manner. In T47D cells, a 1 mM dose of CAN caused

31.4% growth inhibition (Fig. 1a) after 96 h of CAN

treatment. Similar inhibition was also evident in MCF-7

cells, at 21.8% cell growth inhibition (Fig. 1b) after 96 h of

CAN treatment. CAN showed a time- and dose-dependent

effect which was detectable during early and late phases of

cell growth in T47D and MCF-7 cells.

Caspase-3 and p53 Activities, and Cancer Cell Death

In order to determine if the cell growth inhibition effect of

CAN was caused by the induction of apoptosis, caspase-3

and p53 expressions were analyzed by enzyme assays. In

Table 1 Composition of the experimental diets

Ingredients Diets (per 100 g)

Corn oil Canola oil

Sucrose 50.0 37.8

Casein 20.0 20.0

Corn starch 15.0 15.0

Cellulose 5.0 12.2

Mineral mix 3.5 3.5

Vitamin mix 1.0 1.0

DL-Methionine 0.3 0.3

Ethoxyquin (antioxidant, mg) 10.0 21.0

Corn oil 5.0 –

Canola oil – 10.0
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T47D and MCF-7 cells, 1 mM of CAN significantly

increased caspase-3 and p53 activities. At 96 h after CAN

treatment, the change in caspase-3 of T47D and MCF-7

cells was 16.2 and 8.2% (Fig. 2a), and the change in p53

was 8.4 and 14.8% (Fig. 2b), respectively. These results

suggest significant up-regulation of caspase-3 and p53

activities in both cell lines. Consistent results were also

obtained with flow cytometric data on cancer cell death.

CAN showed increased cell death in both T47D (7.0 vs.

9.5%) and MCF-7 (3.8 vs. 4.5%) cells (Fig. 2c).

Possible Synergistic Effects of CAN

with Chemotherapeutic Drugs on Cancer Cell Growth

Inhibition

Based on the data showing cell growth inhibition and

apoptosis in T47D and MCF-7, in order to evaluate a pos-

sible synergistic or additive effect of CAN, the anti-cancer

drugs tamoxifen and cerulenin were assessed in combina-

tion with CAN. CAN showed significant synergistic effects

with tamoxifen and cerulenin. As shown in Fig. 3, a com-

bination of 1 mM CAN and 10 lM tamoxifen resulted in

49.0 and 5.7% growth inhibition (Fig. 3a, compared to

tamoxifen alone) in T47D and MCF-7 cells at 96 h after

treatment. Similar to tamoxifen, a combination of 1 mM

CAN and 5 mg/l cerulenin resulted in 40.5% and 6.5%

growth inhibition (Fig. 3b) at 96 h after treatment, com-

pared to cerulenin alone.

Tumor Volumes and Survival Rate In Vivo

We determined the in vivo effect of CAN using Sprague–

Dawley rats. Breast tumors were induced in rats by subcu-

taneous injection of the alkylating carcinogen NMU. There

were no significant differences in initial (85.9–86.5 g) and

final (231.3–234.1 g) average body weights between CORN

and CAN groups. The latency period was determined to be

the days between NMU administration and the first day of

tumor detection. The tumor incidence was based on the

percentage of rats that developed at least one tumor at
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Fig. 2 Caspase-3 and p53

activities of 1 mM CAN-treated

T47D and MCF-7 cells.

a Caspase-3 activity of CAN

treatment (1 mM) for 96 h.

b p53 activity of CAN treatment

(1 mM) for 96 h. c Cell death

and apoptosis of 1 mM CAN-

treated T47D and MCF-7 cells

for 72 h. Cells were stained with
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and PI (FL2, Y axis). Data in
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(n = 9) and expressed as
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caspase-3 or p53 activities

(treated cell absorbance/control

cell absorbance) 9 100.

*Different from control,

P \ 0.05
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25 weeks after NMU administration. As shown in Table 2,

the latency period was not affected by the CAN diet com-

pared to the CORN diet. However, the CAN diet reduced the

tumor incidence (Table 2) and increased the survival rate

(Fig. 4a). Moreover, mammary tumor volumes were sig-

nificantly reduced in the CAN group, compared to the

CORN diet (Fig. 4b, Table 2).

Discussion

Dietary fats are important not only as energy sources, but

also for their role in metabolism and gene expression [7].

Regulation of genes associated with cell growth and death

may reflect an adaptive response to changes in the type of

fatty acids ingested and demonstrate that the type of lipid is

more closely associated with breast cancer risk than the

quantity of lipid [18]. The two major fatty acids in CAN,

ALA and OA, have been shown to play important roles in

the modulation of cancer cell growth and death [6, 10].

This study investigated the effects of CAN in the well

established ER? breast cancer cells and NMU-induced

mammary tumor animal models, particularly those con-

cerning cancer cell growth and synergism of CAN with

chemotherapeutic drugs.

CAN was shown to be effective in reducing cancer cell

growth and inducing cell death (Figs. 1, 2). Moreover, as

shown in Fig. 3, the growth of T47D was completely

inhibited by the chemotherapeutic agents, tamoxifen and

cerulenin with CAN (1 mM) at 24 h of treatments. How-

ever, MCF-7 showed continued growth with tamoxifen and

cerulenin, and this may imply that T47D and MCF-7 cells

have distinct growth patterns. Although there were similar

increases in caspase-3 and p53 activities between T47D
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Fig. 3 Effects of CAN with tamoxifen and cerulenin on T47D and

MCF-7 cell proliferation. a Effect of 1 mM CAN and 10 lM

tamoxifen. b Effect of 1 mM CAN and 5 mg/l cerulenin. Bars
represent means ± SEM (n = 12) and are expressed as percentages

of cell proliferation ([treated cell absorbance - initial (seeding) cell

absorbance]/initial (seeding) cell absorbance) 9 100. Bars within

time with different superscripts are different (P \ 0.05)

Table 2 Comparison of the tumor incidence, latency period, number

of tumors, and tumor volumes between CORN and CAN groups

Corn oil Canola oil P value

Tumor incidencea (%) 71 57

Latency periodb (days) 93.00 ± 6.90 103.40 ± 7.70 0.34

Number of tumorsc

(tumors/rat)

1.93 ± 0.30 1.50 ± 0.33 0.33

Tumor volumed (mm3/rat) 2.32 ± 0.06 1.61 ± 0.06 0.01

Values are means ± SEM
a Percentage of rats that developed at least one or more tumors at

25 weeks after NMU injection
b Determined as the days between NMU injection and the first day of

tumor detection
c Values were determined at 25 weeks after NMU injection
d Values were averaged over the 15-week period of tumor existence

and then log scaled, log10 (tumor volume)
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and MCF-7 cells in response to CAN, the growth inhibition

of T47D was greater than that of MCF-7, suggesting that

other mechanisms may also participate in the reduction of

cell growth. We have also shown that dietary CAN may

reduce tumor volumes in NMU-induced carcinogenesis.

Mammary tumor growth was significantly reduced in the

CAN fed group (Fig. 4b, P = 0.01) and the survival rate of

the CAN group increased compared to the CORN group

(Fig. 4a). The CAN group also showed a lower number of

tumors and longer latency period than the CORN group

(Table 2, no statistically significant differences).

The effect of CAN on cell growth and caspase-3 activity

was also investigated in the non-cancerous human mam-

mary epithelial MCF-10A (fibrocystic disease) cell line. In

contrast to T47D and MCF-7 cancer cell lines, which

showed significant reduced cell growth, CAN did not affect

the proliferation of non-cancerous mammary cells (MCF-

10A) in vitro at concentrations as high as 1 mM (Fig. 5a).

The explanation for the differential effect of CAN on

cancerous and non-cancerous mammary cells is not known.

However, it is interesting to note that caspase-3 activity is

similar in CORN and CAN treated MCF-10A cells, sug-

gesting that caspase-3 may play a role in T47D and MCF-7

cancer cell death (Fig. 5b, P = 0.87).

ERs play important roles in mammary growth and dif-

ferentiation [19]. The specific receptors ER alpha and ER

beta have distinct roles in mammary development [19].

Some studies indicate that ERs mediate the breast cancer-

promoting (ER alpha) or -inhibiting (ER beta) effects of

estrogens [20]. However, the exact role of ERs in breast

cancer is still not clear. In a study by Hardman [21], 8% of

CAN significantly reduced ER negative MDA-MB 231

tumor cell growth and modified cell membrane composi-

tion in nude mice. It is not clear how CAN affects both

kinds of breast tumors, but CAN seems to reduce cell

growth in both ER positive and ER negative breast cancer

cells.

Dietary fat intake and breast cancer risk has been a

considerable topic of interest in cancer research. Many of

the established risk factors are linked with nutrition, sug-

gesting that dietary intervention may be a significant factor

in breast cancer prevention and therapy [22]. A recently

published population-based, multi-ethnic, case–control

study suggests that women cooking with hydrogenated fats

or CORN have a higher risk of breast cancer than women

cooking with CAN [23]. Flaxseed, a rich source of ALA

(with approximately a 1:2 ratio between omega-6 and

omega-3 fatty acids), has been shown to decrease breast

cancer risk; 10% of dietary flaxseed reduced 50% of

MCF-7 cancer cell growth with tamoxifen in nude mice [24].

Several in vivo and in vitro studies have also shown that

omega-3 fatty acids have inhibitory effects on the initia-

tion, promotion, and progression stages of breast cancer

[6, 25]. Epidemiological studies showed that groups of

people who consume diets high in omega-3 and OA could

have lower breast cancer incidence rates [6, 11]. Omega-3

and OA have also been found to inhibit mammary tumor

cell proliferation and to enhance immune cell function

against breast cancer [18, 26].

The anti-estrogen agent, tamoxifen, and fatty acid

synthase inhibitor, cerulenin, were used to measure the

synergistic effects of CAN in this study. Tamoxifen is used

for the treatment and prevention of ER? breast cancer in

high-risk women. The drug competes with estrogen for ER

binding and therefore inhibits ER-mediated cancer growth

[27]. Cerulenin, a noncompetitive inhibitor of fatty acid

synthase, inhibits fatty acid synthesis and thereby induces

cell death of breast cancer cells [28]. Increasing the

susceptibility of cancer cells to chemotherapeutic agents

may have significant implications in cancer therapy, and
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inducing cell death in cancer cells may be an effective

strategy to inhibit cancer growth [29].

Our findings suggest that a 2:1 omega-6 to omega-3

fatty acid ratio may be optimal for cancer growth inhibi-

tion, while a higher ratio may increase tumor growth. In

addition, our work also suggests that OA may reduce tumor

growth. The inhibitory effect of CAN may be due to its low

omega-6 to omega-3 fatty acid ratio (2:1) and high OA

(61%) as compared to the high omega-6 to omega-3 fatty

acid ratio (57:1) and low OA content (29%) in CORN [8].

T47D and MCF-7 cells showed significant cell growth

inhibition with CAN supplementation to both drug treat-

ments. However, the inhibition of T47D cells was greater

than that of MCF-7 cells (Fig. 3a, b). This discrepancy may

have been the result of other mechanisms at work in T47D

cell proliferation. These mechanisms may have inhibited

the growth of T47D cells more than that of MCF-7 cells.

Since the mechanisms responsible are not known, further

studies need to be conducted, especially in the expression

of several key genes involved in tumor growth. This may

show differences in expression of tumor growth-related

genes in T47D and MCF-7.

In conclusion, our results show that CAN has anti-

proliferative and synergistic effects on breast cancer cell

growth in vitro with chemotherapeutic drugs, and reduces

in vivo mammary tumor cell growth in rats. The synergistic

effects of CAN with tamoxifen and cerulenin may be

useful in reducing the doses of chemotherapeutic drugs and

increasing the chance of long-term survival. In order to

validate these findings, a more in-depth investigation into

the relationship between CAN and chemotherapeutic drugs

is needed. For example, since ER beta induces breast

cancer cell death, further studies could determine whether

CAN increases ER beta expression, inhibiting breast cancer

cell growth and increasing susceptibility of breast cancer

cells to chemotherapeutic drug actions. Moreover, how

CAN shows synergistic effects with therapeutic drugs may

be examined in relation to ER expression, membrane

composition and gene expression changes. These results

may provide useful data for the development of improved

nutritional strategies for reducing breast cancer risk.
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Abstract n-3 Polyunsaturated fatty acids (PUFA) have a

chemopreventive effect while n-6 PUFA promote carcino-

genesis. The effect of these essential fatty acids may be

related to oxidative stress. Therefore, the study was

designed to evaluate the effect of different ratios of fish oil

(FO) and corn oil (CO) in the prevention of colon cancer.

Male Wistar rats were divided into control, dimethylhy-

drazine dihydrochloride (DMH) treated, FO ? CO (1:1)

and FO ? CO (2.5:1). All the groups, except the control

received a weekly injection of DMH for 4 weeks. The ani-

mals were sacrificed either 48 h later (initiation phase) or

kept for 16 weeks (post initiation phase). DMH treatment in

the initiation phase animals showed mild to moderate

inflammation, decreased ROS and TrxR activity, increased

antioxidants, apoptosis and ACF multiplicity. The post ini-

tiation study showed severe inflammation with hyperplasia,

increased ACF multiplicity and ROS levels, a decrease

in antioxidants and apoptosis. The FO ? CO (1:1) treated

animals showed severe inflammation, a decrease in ROS, an

increase in antioxidants and apoptosis in the initiation phase.

FO ? CO (1:1) in the post initiation phase and FO ? CO

(2.5:1) in the initiation showed mild inflammation,

increased ROS, apoptosis and decreased antioxidants. There

was a decrease in ACF multiplicity and ROS levels,

increased antioxidants and apoptosis in the post initiation

phase study. The present study suggests that FO has a dose-

and time-dependent chemopreventive effect in colon cancer

mediated through oxidative stress and apoptosis.

Keywords Dietary fat � Edible oils � n-3 Fatty acids �
Antioxidants � Free radicals � Cancer � Fish oil �
n-6 Fatty acids

Abbreviations

CDNB 1-Chloro-2,4-dinitrobenzene

DCFH-DA 20,70-Dichlorofluorescein diacetate

DCF 20,70-Dichlorofluorescein

DTNB 5,50-Dithiobis-(2-nitro-benzoic acid)

TNB 5-Thio-2-nitrobenzoic acid

AA Arachidonic acid

DMH N,N0-Dimethylhydrazine dihydrochloride

DTT Dithiothreitol

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

FACS Fluorescence-activated cell sorter

HBSS Hank’s buffered salt solution

MALT Mucosa associated lymphoid tissue

NBT Nitro blue tetrazolium

PUFA Polyunsaturated fatty acids

ROS Reactive oxygen species

SPSS Statistical package for social sciences

TrxR Thioredoxin reductase

Introduction

Colon cancer is the third most common cancer in males and

the second most common cancer in females of the
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industrialized countries and its incidence is increasing in

the developing countries [1]. Cancer is a disease associated

with very high mortality. Diagnosis of cancer at the early

stages can be made with the estimation of the biomarkers.

Aberrant crypt foci (ACF) have been regarded as precan-

cerous lesions and are widely used as a biomarker of colon

cancer in a number of studies [2]. ACF are the only end-

points which provides a quantitative approach to assess the

disease process and the underlying cellular and molecular

events as affected by cancer preventive or promoting

agents [3].

Cancer is strongly influenced by various environmental

factors, with diet being one of the major modifying agents

[4]. Dietary factors have been documented as playing a

significant role in the development and progression of the

colon cancer [5]. Diets high in fat have been linked with

an increased risk of various types of cancers particularly

of the breast, colon and prostate gland [6]. Increasing

evidence from animal and human studies indicate that not

only the amount but in particular the types of dietary fat

differing in fatty acid composition are important factors in

colon tumor development [7, 8]. It has been reported that,

a higher intake of total saturated fat leads to an increased

risk of cancer [9]. Out of the essential PUFA, the bene-

ficial effect of marine-derived n-3 polyunsaturated fatty

acids on coronary artery disease, hypertension, diabetes,

arthritis and other inflammatory and autoimmune disorders

and cancer has been convincingly demonstrated by epi-

demiological and experimental studies [8, 10–12]. On the

other hand, n-6 PUFA have been shown to have proin-

flammatory and procarcinogenic effect [8, 13]. Both of

these classes of fatty acids are important components of

cell membranes and are substrates for the same enzymes

and thus compete with each other [14]. n-3 PUFA have

greater affinities for the enzyme, which means that

increasing the dietary intake of n-3 PUFA reduces the

desaturation of linoleic acid (LA) and consequently

increase the production of eicosanoids that are anti-

inflammatory and anticarcinogenic in nature [15]. There-

fore, it has been suggested that a balanced n-3/n-6 PUFA

ratio in diet rather than the absolute intake of either is

essential for normal growth and development and may be

responsible for a decrease in the incidence of various

disorders including cardiovascular diseases and cancer

[10, 12, 13]. Moreover, it is believed that therapeutic ratio

of n-3 and n-6 is different for different diseases and for

colon cancer this ratio has still not been worked out.

Hence two different ratios of n-3 and n-6 have been used

in the present study to assess the chemopreventive

potential in experimental colon carcinogenesis.

There has been a lot of interest in characterizing the

mechanism by which these fatty acids exert their effects in

carcinogenesis. The possible mechanism includes one or

more of the following: oxidative stress, apoptosis, dis-

rupted cell cycle and cell proliferation [14] Oxidative stress

is a condition associated with an increased generation of

reactive oxygen species (ROS) or impaired cellular anti-

oxidant capacity leading to an imbalance between radical

generating and scavenging potential. The unsaturation in

the lipids is prone to oxidation and the metabolites of the

lipid peroxidation (LPO) generate the promutagenic

exocyclic DNA adducts [16, 17]. It was reported that low-

levels of PUFA induced oxidative stress which was cyto-

static, while higher levels of oxidative stress resulted in

apoptosis and still higher levels caused cellular necrosis

[18]. Oxidative stress can initiate and/or mediate a number

of signalling cascades, including apoptosis due to altera-

tions in the cellular redox balance. Oxidative stress caused

by increased free radical generation and/or decreased

antioxidant levels in the target cells and tissues has

been suggested to play an important role in carcinogenesis

[19, 20]. It has been observed that the tumoricidal action of

n-3 PUFA is a free radical dependent process [21] and their

consumption leads to an increase in lipid peroxidation by

reactive oxygen species due to a multiplicity of double

bonds [22]. An increase in lipid peroxidation may lead to

oxidative stress which is counteracted by various antioxi-

dants including glutathione (GSH), thioredoxin (Trx), cat-

alase (CAT), superoxide dismutase (SOD), glutathione

peroxidase (GPx) [23, 24]. Takashi et al. [25] reported that

genes for antioxidant enzymes were upregulated in mice

fed with fish oil supplemented diets.

It has been reported that higher oxidative stress leads to

apoptosis. Programmed cell death plays an essential role in

the elimination of mutated cells/transformed cells

[26].Thus, in order to survive, cancer cells must develop

highly efficient and usually multiple mechanisms which

help in averting apoptosis. In fact, evading apoptosis is

regarded as one of the hallmarks of cancer cells [27]. A

number of workers have shown that the effect of n-3 PUFA

on the colon cancer might be mediated through an increase

in apoptosis [28–30].

To date the effect of alteration of dietary ratio of n-3 and

n-6 PUFA on oxidative stress and apoptosis has not been

evaluated. Therefore this study is designed to evaluate the

effect of different dietary ratios of fish oil and corn oil on

dimethyl hydrazine induced colon cancer and mediation of

oxidative stress in this process.

Materials and Methods

Chemicals

N,N0-Dimethylhydrazine dihydrochloride (DMH) and a

thioredoxin reductase assay kit were obtained from Sigma
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Chemical Company, St. Louis, USA. M-30 cytoDEATH

monoclonal antibody was purchased from Boehringer

Mannheim, Germany. Fluorescein isothiocyanate (FITC)-

conjugated goat anti-mouse IgG1 was purchased from

Bangalore Genei, Bangalore, India. Fish oil under the

brand name Seven Seas Sea cod was a generous gift from

Universal Medicare Pvt. Ltd., Mumbai, India. The fish oil

contains 20% of EPA and DHA, 24% of other n-3 Fatty

acids, 0.16% of Vitamin A and 0.001% of Vitamin D. Corn

oil under the brand name Arawana from Wilmar Interna-

tional Ltd. was obtained from Shanghai, China. It contains

50% of n-6, 1.3% of n-3 and 26.4% of n-9 PUFA. The

mineral mixture (Agrimin) was obtained from Virbac

Animal health India Pvt. Ltd., Mumbai, India. All other

chemicals used in the study were of analytical grade.

Experimental Animals

Male Wistar rats weighing 100–150 g were obtained from

and housed in the Central Animal House, Panjab Univer-

sity, Chandigarh. The experimental protocols were

approved by the Institutional Ethics Committee and con-

ducted according to Indian National Science Academy

Guidelines for the use and care of experimental animals.

Rats were housed in polypropylene cages in the animal

house and were acclimatized for 7–10 days before being

used in the experimental study. Water was given

ad libitum.

Diets

To assess food consumption, 20 randomly selected rats

were monitored for 10 consecutive days. Food consump-

tion per cage was calculated by subtracting the leftover

food from that of the previous day. Spillage was also

monitored and was negligible. Finally, the diets were pre-

pared fresh and modified according to the groups as shown

in the Table 1. The diets were prepared on the basis of the

American Institute of Nutrition standard reference diet

AIN-76A [31]. The purified diet was supplemented with

5% soya oil instead of corn oil to meet the essential fatty

acid requirement in the diet. The soya oil contained 54.3%

of n-6, 6.3% of n-3 and 22.2% of n-9 PUFA [32]. The

composition of diet was adjusted so that the animals in all

the dietary groups would consume the same amount of

calories. The lipid composition in normal diet for the

rodents should be up to 30% [33] and for the humans the

dietary recommendations of lipids is 20% for adult females

and 15% for the adult male [34]. Therefore, to explore the

therapeutic potential, it was decided to vary the ratios of

n-3 PUFA rich fish oil and n-6 PUFA rich corn oil at 20%

which is well within the normal optimal range. In the

modified diets PUFA were supplemented with varying

ratios of n-6 and n-3 along with 5% soya oil. The lower

ratio had 7.5% corn oil and 7.5% fish oil in (1:1) while the

higher ratio (2.5:1) had fish oil (10.3%) and corn oil

(4.7%). However, the dietary regimens fall in the optimal

range of the fat to be given to rodents to meet the better

growth. In order to prevent the formation of oxidized lip-

ids, diets were prepared fresh every day. Feeders were

removed and washed daily.

Experimental Design

The experimental protocol is clearly represented in Fig. 1.

The animals (n = 112) were divided into the following

experimental groups:

Control group Rats received a purified diet and a weekly

sham injection of the 1 mM ethylenediamine tetra-acetic

acid (EDTA), pH 6.5, for a period of 4 weeks.

DMH treated Rats received a purified diet and were

administered a weekly intraperitoneal injection of DMH

(20 mg/kg body weight) for a period of 4 weeks. DMH

was dissolved in 1 mM EDTA (pH-6.5). DMH is

metabolized in the liver to azoxymethane (a known

colon carcinogen), ultimately leading to the generation

of methyldiazonium ions and carbonium ions, which are

active carcinogenic electrophiles that manifest their

action in the colon [35].

FO ? CO (1:1) The animals received a modified diet

supplemented with an equal ratio of fish oil and corn oil

Table 1 Composition of the

experimental diets

Diet was formulated according

to the American Institute of

Nutrition standard reference

diet, with the modification of

varying sources of carbohydrate

and protein

Diet content (%) Control DMH treated FO ? CO (1:1) FO ? CO (2.5:1)

Casein 20 20 23.5 23.5

Fat 5 (soya oil) 5 (soya oil) 5 (soya oil) ? 7.5 corn

oil ? 7.5 fish oil

5 (soya oil) ? 4.3 corn

oil ? 10.7 fish oil

Sucrose 65 65 44.72 44.72

Fiber (wheat bran) 5 5 5.9 5.9

Mineral mix 3.8 3.8 4.46 4.46

Vitamin mix 1.0 1.0 1.18 1.18

Choline chloride 0.2 0.2 0.24 0.24
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and were given a weekly intraperitoneal injection of

20 mg/kg body weight DMH for 4 weeks.

FO ? CO (2.5:1) The animals were given a modified

diet with a varying ratio of fish oil and corn oil and

administered a weekly dose of intraperitoneal injection

of DMH (20 mg/kg body weight) for 4 weeks.

The initiation phase study comprised of animals sacri-

ficed 48 h after EDTA/DMH injections [36] and the ani-

mals kept for 12 weeks after the treatment regimen

constituted the post initiation phase study. All the animals

were sacrificed by cervical dislocation.

Measurement of ACF Count

The entire colon was processed for the determination of

ACF in the following manner [2]. The entire colon (from

caecum to anus) was removed and washed thoroughly with

PBS, cut longitudinally, laid flat on a wet filter paper, and

fixed with 10% buffered formaldehyde solution overnight.

The colon was then stained with 0.2% methylene blue

prepared in saline for 3–5 min. The ACF formed by one or

more aberrant crypts, can be easily visualized on a back-

ground of normal crypts since aberrant crypts have larger,

often elongated openings and a thicker lining of epithelial

cells compared with normal crypts. For topographic

assessment of the colon, mucosal ACF was counted using a

light microscope (409). The ACF were classified as small

(1–3); medium (4–6); or large (6 and more) by the number

of crypts per foci. The total number of ACF/rat was cal-

culated as the sum of the small, medium and large ACF.

Histopathological Examination

The colon was removed and flushed with warm Ca2? and

Mg2? free phosphate buffered saline (PBS). For each rat,

the 10 cm of the distal colon was taken for histopathology

and fixed in the 10% formalin. Sections were prepared and

stained with hematoxylin and eosin. The slides were pho-

tographed and evaluated by a histopathologist without any

prior knowledge of the experimental design.

Isolation of Colonocytes

The colonocytes were isolated by the method of Sanders

et al. [37]. The rats were killed by cervical dislocation and

the entire colon from the caecum to rectal ampulla was

removed and flushed with Ca2? and Mg2? free-PBS. The

colon was cut longitudinally to expose the lumen and

placed in warm Ca2? and Mg2? free-Hank’s buffered salt

solution (HBSS), 30 mM EDTA, 5 mM dithiothreitol

(DTT), 0.1% bovine serum albumin (BSA). After a 15-min

incubation, the mucosal side was gently scraped, to remove

intact crypts and surface cells from lamina propria. The

isolated cells was then centrifuged at 6009g and washed

Fig. 1 Experimental design of

the study
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twice in warm HBSS with Ca2? and Mg2? and 0.1% BSA.

The final volume was made up to 2 mL. The cells were

counted using a hemocytometer and were adjusted to

contain 1 9 105 cells/mL. The cell viability was measured

according to the trypan blue exclusion method of Freshney

[38] and found to be in the range of 60–90%.

Assay for the Generation of Reactive Oxygen Species

The net intracellular generation of ROS was measured by

the method of Rosenkranz et al. [39], using oxidation

sensitive fluorescent dye, 20,70-dichlorofluorescein diace-

tate (DCFH-DA). The 20,70-dichlorofluorescein is non-

permeable and gets trapped in the cells. It gets oxidized to

the highly fluorescent compound 20,70-dichlorofluorescein

by intracellular ROS. Briefly, the isolated colonocytes were

incubated with 10 lM DCFH-DA at 37 �C for 30 min,

washed with HBSS and finally suspended in 300 ll of

HBSS. The intensity of DCF fluorescence was measured in

the cells with Fluorescence-activated cell sorter (FACS)

Calibur flow cytometer (Becton–Dickinson) equipped with

an excitation and emission laser line at 488 and 530 nm,

respectively. A total of 10,000 events were counted and the

histograms were analyzed using Cell Quest software and

compared with histograms of control untreated cells.

Measurement of Antioxidant Enzymes

The cell lysates was prepared by homogenization of cells in

50 mM potassium phosphate buffer containing 250 mM

sucrose, 1 mM EDTA, 1 mM DTT, 0.1% Triton X-100 (v/v)

followed by centrifugation for 3 min at 10,0009g. The

supernatant was used for further assays.

SOD (EC 1.15.1.1) activity was assayed by the method

of Kono [40] in the cell lysates. One unit of enzyme was

defined as the enzyme concentration required for inhibiting

the reduction of NBT dye by 50% in 1 min under the assay

conditions and expressed as units per milligram protein.

CAT (EC 1.11.1.6) activity was assayed by the method of

Luck [41] in the cell lysates. CAT activity was assayed

spectrophotometrically following a decrease in absorbance

of H2O2 at 240 nm. One unit of enzyme activity is defined as

amount of enzyme required to degrade 1 micromole of H2O2

in 1 min and is expressed as units per milligram protein.

GSH content was estimated in the cell lysates according

to the method of Ellman [42]. GSH on reaction with 5,50-
dithiobis-(2-nitro-benzoic acid) [DTNB] gives a yellow

colored product with absorption maxima at 412 nm. The

standard curve was prepared for GSH with a concentration

range of 0.2–1 mM. The results were expressed in micro-

moles per milligram protein.

Glutathione peroxidase (EC 1.11.1.9) was measured in

the cell lysates by the method of Lawrence and Burk [43].

The reaction measured the rate of GSH oxidation by H2O2,

catalyzed by GPx. GSH was maintained at constant con-

centration by the addition of exogenous GR and NADPH,

which converted the GSSG to GSH. The rate of GSSG

formation was then measured by change in the absorbance

of NADPH at 340 nm for 3 min at 30 s intervals. One unit

of GPx is defined as enzyme concentration required for the

formation of 1 lmol of NADP? per min and results are

expressed as Unit/mg protein

Glutathione reductase (EC 1.8.1.7) activity was assayed

using the method of Carlberg and Mannervik [44] by

measuring GSH formed by NADPH. The values are

expressed as micromoles of NADPH oxidised per minute

milligram protein.

Glutathione-S-transferase (GST) (EC 2.5.1.18) was

assayed in cell lysates according to the method of Habig

et al. [45]. This assay was based on the rate of increase in

conjugate formation between GSH and 1-chloro-2,4-dini-

trobenzene (CDNB). The enzyme activity was determined

by monitoring the changes in absorbance at 340 nm for

3 min at 30 s interval. The enzymatic activity was

expressed as micromoles of CDNB-GSH conjugates

formed per minute per milligram protein.

Thioredoxin reductase (TrxR) (EC 1.8.1.9) was esti-

mated by the method of Arner and co-workers [46] using a

thioredoxin reductase assay kit obtained from Sigma

Chemical Company, St. Louis, USA. The assay is based on

the reduction of DTNB with NADPH to 5-thio-2-nitro-

benzoic acid (TNB) that produces a strong yellow color

that is measured at 412 nm. In crude biological samples,

other enzymatic activities, such as GR and GPx also reduce

DTNB. Therefore, determination of activity of thioredoxin

reductase was done by subtracting the activity of sample

with the activity in the presence of thioredoxin reductase

inhibitor.

The protein in the cell lysates sample was done by the

method of Lowry et al. [47] and the results were expressed

in milligram per milliliter.

Apoptosis Measurement Using the M-30 cytoDEATH

Antibody

Apoptosis was measured by using M-30 cytoDEATH

(Boehringer Mannheim, Germany). M-30 cytoDEATH is

the monoclonal antibody that recognizes a specific caspase

cleavage site with cytokeratin 18 that is not detectable in

native CK 18 of the normal cells as well as in the necrotic

cells. It is a unique and specific tool for the easy and

reliable determination of early apoptotic events in the cell

and is the valid and acceptable method in comparison to

the TUNEL [48, 49]. Cells were fixed and permeabilized in

methanol by adding the alcohol drop wise with constant

shaking to avoid the aggregate formation and kept at
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-20 �C overnight. The cells were centrifuged at 5,000 rpm

and alcohol was removed. The pellet was again washed

twice with PBS/BSA. The final pellet was suspended in the

PBS/BSA and incubated with M30 CytoDEATH mono-

clonal antibody for 30 min, at room temperature. The cells

were washed with PBS and counterstained with FITC

conjugated anti mouse IgG1 (Bangalore Genei, India) for

1 h at room temperature in the dark. The cells were washed

with PBS and finally suspended in PBS. The mean fluo-

rescence intensity, as a measure of apoptosis, was deter-

mined with fluorescence-activated cell sorter (FACS)

Canto flow cytometer (Becton–Dickinson) equipped with

an excitation and emission laser line at 495 and 520 nm,

respectively. A total of 10,000 events were counted and the

histograms were analyzed using Cell Quest software and

compared with the histogram of control untreated cells.

DNA Fragmentation

Genomic DNA was extracted with the help of DNA

extraction kit (Chromous Biotech, India). The purified

samples were electrophoresed on 1% agarose gel. After

electrophoresis, the DNA was visualized for fragmentation

by ethidium bromide staining.

Statistical Analysis

The results are expressed as mean ± standard error of

mean (SEM). The statistical significance of data was

evaluated by one way analysis of variance (ANOVA),

using statistical package for social sciences (SPSS) soft-

ware version 9.0 for windows. The data was analyzed by

post-hoc analysis with Least Square Difference to compare

means. A value of P \ 0.05 was considered to indicate a

significant difference between groups. Data was analyzed

using general factorial analysis of variance after testing for

normality and homogeneity of variance.

Results

Effect of Fish Oil and Corn Oil on Oxidative Stress

Parameters

Initiation phase study

The results of ROS generation are shown in Table 2. A

decrease in ROS levels was observed on treatment with

DMH as compared to control animals (P \ 0.001).The

ROS levels were elevated in animals fed a high fat diet

with the effect being more pronounced at a higher ratio of

fish oil which was not significantly different from the

control animals. The results of antioxidants’ are tabulated

in Table 3. There was a significant elevation in the activ-

ities of SOD and CAT in DMH treated animals with

respect to control animals (P \ 0.05).The marked eleva-

tion was also observed in the activities of both the

enzymes, SOD and CAT in the animals fed with FO ? CO

(1:1) with respect to controls (P \ 0.001) and DMH treated

animals (P \ 0.01 and P \ 0.001), respectively. However,

a significant decrease was observed in the activity of both

the enzymes in the animals fed on FO ? CO (2.5:1).

The glutathione levels in the carcinogen treated animals

and in animals fed with FO ? CO (1:1) were increased

significantly as compared to the normal controls (P \ 0.05)

while a significant decrease in GSH was observed in animals

fed with FO ? CO (2.5:1) with respect to the carcinogen

treated (P \ 0.001) and animals on the lower ratio of the oils.

DMH treatment did not alter GPx activity, though in rats

fed with FO ? CO (1:1), GPx activity significantly

increased (P \ 0.01) with respect to control and DMH

treated group (P \ 0.05).

GR activity was increased in all the treated groups as

compared to the controls. The activity was elevated most in

the DMH treated group (P \ 0.001).However, FO ? CO

treatment led to a decrease in the activity of the GR as

compared to the DMH treated animals (P \ 0.05) with the

effect being more pronounced at higher ratio.

GST activity was drastically increased in carcinogen

treated rats as compared to the controls (P \ 0.001). On

feeding the high fat diets, the activity was still significantly

higher as compared to the normal controls (P \ 0.001).

There was no significant decrease in the activity of TrxR

in DMH treated and FO ? CO (2.5:1) in comparison to

controls but the activity was significantly decreased in

animals fed FO ? CO (1:1).

Post Initiation Phase Study

The results of ROS generation are shown in Table 2. The

ROS levels were found to be significantly higher in

the carcinogen treated group (P \ 0.001) as well as in the

group fed FO ? CO (1:1) as compared to the control

(P \ 0.001) in the post initiation phase study. However,

the animals on FO ? CO (2.5:1) showed no significant

difference from control animals.

The antioxidants’ level in the post initiation study is

shown in Table 4. There was a marked decrease in the

activities in the CAT and SOD in all the groups

(P \ 0.001) as compared to the control. The activity was

elevated in the group treated with FO ? CO (2.5:1) as

compared to the DMH treated group.

A significant decrease in the GSH levels were observed

in all the groups in the post initiation phase as compared to

the control animals (P \ 0.01) with the effect being more

pronounced in FO ? CO (2.5:1) fed animals (P \ 0.001).
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There was a significant decrease in the activities of GPx,

GR and GST in the DMH treated group and the group fed

FO ? CO (1:1) in comparison to the control animals

(P \ 0.05, P \ 0.001 and P \ 0.001, respectively). How-

ever in animals fed FO ? CO (2.5:1), there was an ele-

vation in the activities of these enzymes in comparison to

the DMH treated group (P \ 0.001, P \ 0.05 and

P \ 0.05) respectively.

The Effect of Fish Oil and Corn Oil on M-30

cytoDEATH Levels

The levels of M-30 cytoDEATH on administration of fish

oil and corn oil in different ratios are presented in Table 5.

A significant increase in apoptosis in DMH treated animals

was observed in the initiation phase (P \ 0.001). The

treatment with fish oil and corn oil in both the ratios

showed significant decrease in the apoptotic levels as

compared to DMH treated group (P \ 0.05). In the post

initiation phase study, there was a significant decrease in

apoptosis in DMH treated group (P \ 0.05). On treatment

with the oils, the apoptosis were significantly increased

with FO ? CO (1:1) (P \ 0.05) and FO ? CO (2.5:1)

(P \ 0.001) respectively. The increase in apoptosis with

higher ratio was also significant in comparison to the lower

ratio of fish oil and corn oil (P \ 0.001).

The Effect of Fish Oil and Corn Oil on DNA

Fragmentation

The results of the DNA fragmentation are presented in

Fig. 2 (initiation phase and post initiation phase). In the

initiation phase study, there was an increased DNA frag-

mentation in the carcinogen treated group as compared to

FO ? CO treated groups. In the post initiation phase

groups, there was maximum fragmentation in the animals

treated with FO ? CO at a ratio of 2.5:1, followed by

FO ? CO (1:1) and DMH treated group.

The Effect of Fish Oil and Corn Oil on the ACF Count

The results for the ACF count are documented in Table 6

and were identified as the discrete aggregation of aberrant/

abnormal crypts.

In the initiation phase study, ACF multiplicity was

significantly increased in DMH treated group as compared

to the controls (P \ 0.001). A major decrease in the ACF

Table 2 ROS levels in the initiation phase and post initiation phase

studies in the colon carcinogenesis

Groups Initiation phase Post initiation phase

ROS generation (MFI)

Control 104.08 ± 5.10 44.30 ± 2.41

DMH treated 32.85 ± 5.55a 69.78 ± 3.43a

FO ? CO (1:1) 53.99 ± 5.27a,c 81.33 ± 4.21a,b

FO ? CO (2.5:1) 107.63 ± 22.4d,e 44.98 ± 1.10d,e

The results are expressed as mean ± SEM for n = 8
a P \ 0.001 with respect to control
b P \ 0.01 with respect to DMH treated
c P \ 0.05 with respect to DMH treated
d P \ 0.001 with respect to DMH treated
e P \ 0.001 with respect to FO ? CO (1:1)

Table 3 Activity of antioxidants in the isolated colonocytes in the initiation phase study

Groups Control DMH treated FO ? CO (1:1) FO ? CO (2.5:1)

SOD (U/mg protein) 412.23 ± 41.97 645.19 ± 96.18c 974.57 ± 41.67a,d 411.45 ± 48.33e,f

CAT (U/mg protein) 88.56 ± 8.48 189.66 ± 27.09c 349.35 ± 40.46a,d 128.98 ± 13.14f

GSH (lmol/mg protein) 0.25 ± 0.01 0.32 ± 0.02c 0.33 ± 0.03c 0.21 ± 0.02d,f

GR (lmol of NADPH oxidized/min/mg protein) 47.19 ± 6.08 153.06 ± 38.43a 94.41 ± 6.12e 69.13 ± 16.62e

GPx (U/mg protein) 0.05 ± 0.004 0.07 ± 0.012b 0.11 ± 0.022e 0.05 ± 0.003g

GST (lmol of CDNB-GSH conjugate formed/min/mg protein 7.89 ± 1.41 166.19 ± 15.54a 106.62 ± 8.3a,d 132.16 ± 6.75a,e

TrxR (U/mg protein) 0.64 ± 0.07 0.55 ± 0.02 0.38 ± 0.03a,e 0.57 ± 0.09 h

Values are mean ± SEM of eight observations in each group
a P \ 0.001 with respect to control
b P \ 0.01 with respect to control
c P \ 0.05 with respect to control
d P \ 0.001 with respect to DMH treated
e P \ 0.05 with respect to DMH treated
f P \ 0.001 with respect to FO ? CO (1:1)
g P \ 0.01 with respect to FO ? CO (1:1)
h P \ 0.05 with respect to FO ? CO (1:1)
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count was observed in the animals treated with FO ? CO

(2.5:1) in comparison to the DMH treated rats (P \ 0.01)

and FO ? CO (1:1) (P \ 0.01).

A similar trend was observed in ACF count in the post

initiation phase study.

The Effect of Fish Oil and Corn Oil on Histopathology

of the Colon

The normal histological features of the colon are shown in

Fig. 3a. In the initiation phase study, the animals in the

DMH treated group showed mild to moderate inflammation

(Fig. 3b). The inflammation consisted predominantly of

lymphocytes and some plasma cells and was chiefly cen-

tered in the submucosa. Animals with moderate inflam-

mation showed prominent lymphoid follicles surrounded

by lymphocytes and plasma cells. However, in the group

supplemented with FO ? CO (1:1) (Fig. 3c), the inflam-

mation was dense and infiltrated the mucosa. In addition,

Low grade lymphoma of MALT type was found in two

animals. The FO ? CO (2.5:1) animals showed a normal

mucosa or mild inflammation (Fig. 3d) demonstrating the

inhibitory effect of the higher ratio of fish oil and corn oil

in the experimental colon carcinogenesis.

Table 4 Activity of antioxidants in the isolated colonocytes in the post initiation phase study

Groups Control DMH treated FO ? CO (1:1) FO ? CO (2.5:1)

SOD (U/mg protein) 1,580.01 ± 104.12 361.94 ± 22.46a 469.32 ± 41.40a 618.29 ± 64.23a,e

CAT (U/mg protein) 43.33 ± 4.00 17.17 ± 3.1a 21.87 ± 2.3a 23.51 ± 3.1a

GSH (lmol/mg protein) 0.54 ± 0.06 0.39 ± 0.03b 0.37 ± 0.02a 0.20 ± 0.01a,d,g

GR (lmol of NADPH oxidized/min/mg protein) 48.88 ± 7.71 21.20 ± 2.12a 23.57 ± 2.64a 68.17 ± 4.28c,d,g

GPx (U/mg protein) 32.17 ± 3.15 20.00 ± 4.04c 18.72 ± 3.07c 45.87 ± 4.34c,d,g

GST (lmol of CDNB-GSH conjugate formed/min/mg protein 16.47 ± 1.33 8.32 ± 0.68a 10.24 ± 0.72a 15.93 ± 1.17f,g

Values are mean ± SEM of eight observations in each group
a P \ 0.001 with respect to control
b P \ 0.01 with respect to control
c P \ 0.05 with respect to control
d P \ 0.001 with respect to DMH treated
e P \ 0.01 with respect to DMH treated
f P \ 0.05 with respect to DMH treated
g P \ 0.001 with respect to FO ? CO (1:1)

Table 5 Effect of fish oil and corn oil on apoptosis

Groups Initiation phase Post initiation phase

Apoptotic levels in colonocytes (MFI)

Control 39.57 ± 4.73 61.57 ± 9.81

DMH treated 68.57 ± 6.94b 42.60 ± 4.06a

FO ? CO (1:1) 43.67 ± 5.55c 62.75 ± 2.74c

FO ? CO (2.5:1) 53.87 ± 3.27c 96.25 ± 4.89b,d,e

Values are mean ± SEM of eight observations in each group
a P \ 0.05 with respect to control
b P \ 0.001 with respect to control
c P \ 0.05 with respect to DMH treated
d P \ 0.001 with respect to DMH treated
e P \ 0.001 with respect to group FO ? CO (1:1)

Fig. 2 A representative gel photograph of the DNA fragmentation

pattern observed in the animals of various groups in the initiation

phase and post initiation phase study. Initiation phase: lane 1 markers

(23–10 kbps), lane 2 markers (1–0.1 kbps), lane 3 controls, lane 4
carcinogen treated, lane 5 FO ? CO (1:1) and lane 6 FO ? CO

(2.5:1). Post initiation phase: lane 1 markers (2–0.1 kbps), lane 2
control, lane 3 carcinogen treated, lane 4 FO ? CO (1:1) and lane 5
FO ? CO (2.5:1)
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Figure 4a represents the histopathological features of

colon in the post initiation phase study. There is severe

inflammation with large lymphoid tissue formation and

hyperplasia. There was distorted morphology of cells in

carcinogenic animals (Fig. 4b). However, in FO ? CO

treated group in the equal ratio, there is varied gland size

with increased intraglandular space and colitis with marked

regenerative changes (Fig. 4c). The animals in the group

supplemented with FO ? CO (2.5:1) showed normal

features with increased intra glandular space and regener-

ative changes (Fig. 4d).

Discussion

The results clearly indicate that administration of the pro-

carcinogen DMH in the presence of fish oil and corn oil

brings about profound alterations in the ROS and

Table 6 Effect of FO ? CO on the number of ACF present in the colonic mucosa

Groups Small Medium Large Total no. of ACF

Initiation phase study (ACF/colon)

Control 0.25 ± 0.25 1.75 ± 0.85 1.50 ± 0.29 3.50 ± 0.87

DMH treated 4.66 ± 2.67 3.00 ± 0.58 9.30 ± 0.33a 17.00 ± 2.52a

FO ? CO (1:1) 3.5 ± 1.19 2.00 ± 0.58 6.25 ± 0.48a,d 11.75 ± 2.06b

FO ? CO (2.5:1) 3.0 ± 1.00 2.00 ± 0.58 4.00 ± 0.41a,d 8.00 ± 1.96e,g

Post initiation phase study (ACF/colon)

Control 1.60 ± 1.03 3.00 ± 0.63 4.80 ± 0.86 9.40 ± 1.54

DMH treated 7.00 ± 1.87b 2.60 ± 1.16 20.80 ± 2.42a 30.60 ± 420a

FO ? CO (1:1) 6.00 ± 1.29b 4.50 ± 2.50 13.25 ± 3.09c,f 23.75 ± 5.94c

FO ? CO (2.5:1) 2.00 ± 0.91d 3.50 ± 0.29 8.50 ± 1.26d 13.75 ± 2.10e

The results are expressed as mean ± SEM for n = 6
a P \ 0.001 with respect to control
b P \ 0.01 with respect to control
c P \ 0.05 with respect to control
d P \ 0.001 with respect to DMH treated
e P \ 0.01 with respect to DMH treated
f P \ 0.05 with respect to DMH treated
g P \ 0.01 with respect to FO ? CO (1:1) treated

Fig. 3 a Light micrograph of

the rat colon in the control

showing normal mucosa,

submucosa and crypt (H&E,

940). b Light micrograph of the

rat colon in the DMH treated

animals showing mild

inflammation (H&E, 940).

c Light micrograph of the rat

colon in the FO ? CO (1:1)

showing severe inflammation

(H&E, 940) and low grade

lymphoma of mucosa associated

lymphoid tissue (MALT)

formation (H&E, 940). d Light

micrograph of animals in

FO ? CO (2.5:1) showing

normal mucosa
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antioxidant status. ROS have multiple functions and are

implicated in tumor initiation and progression [20, 50].

While the higher levels of ROS can cause DNA damage

and ultimately apoptosis, low levels of ROS in cancer cells

has been suggested to promote cell proliferation mediated

by redox signalling [51].

In the present investigation, treatment with DMH led to

a decrease in the ROS generation with a concomitant

increase in SOD and CAT in initiation phase. The level of

GSH and GSH dependent enzymes were raised along with

the increase in the apoptosis. Increase in the activities of

SOD and CAT in the carcinogen treated animals have also

been reported by other workers [52, 53]. An increased

expression of GSH, GPx and GST in the neoplastic cell

confers a selective growth advantage against onslaught of

oxidative stress and allows these cells to propagate and

proliferate [54]. The TrxR activity was reduced on treat-

ment with DMH. It has been observed that TrxR and GPx

expression are regulated in the contrasting manner in colon

cancer cell line [55], which indeed was the observation in

the present study. The upregulation of the antioxidants with

a decrease in ROS levels may be an early cellular adaptive

response. Therefore the cells may be able to maintain the

ROS levels below the toxic threshold that benefit their

proliferation as required in the process of carcinogenesis

which is also suggested by other workers [56–58]. The

increase in the apoptosis in the initiation phase indicates

the enhanced rate of cell death with the carcinogen treat-

ment. Most studies have shown that the proportion of

epithelial cells undergoing apoptotic cell death increases in

the course of the adenoma–carcinoma sequence [59, 60].

However, in the post initiation phase study, there was an

increase in the levels of ROS generation and decreased

activities of antioxidants and apoptosis. An increase in

ROS generation in the progression phase of carcinogenesis

has also been documented earlier [61, 62]. Increased ROS

generation may serve as an endogenous source of DNA

damaging agents that promote genetic instability and favor

the process of carcinogenesis. There was decrease in the

apoptosis as indicated by M-30 cytoDEATH levels and

DNA fragmentation. Hence, the decreased apoptosis and

increased DNA damage will favor the survival of the

cancerous cell and promote the process of carcinogenesis

as documented by the other studies also [62–64]. The

increased damage in the colon was also supported by the

increased ACF count and the hyperplastic changes

observed in the histopathology in the present study.

On supplementing the fish oil and corn oil at the lower

ratio (1:1), there was a decrease in ROS generation, TrxR

and apoptosis with a concomitant rise in the antioxidants’

activity in the initiation phase study. These results of ini-

tiation phase of lower ratio of fish oil and corn oil are in

agreement with the study of Wang et al. [65], who reported

decreased generation of ROS with increased activities of

SOD, CAT and GPx in fish oil fed group in the athero-

sclerotic rats. A higher SOD activity will lead to an

increased generation of H2O2 in the animals. H2O2 are

detoxified by CAT and GPx. Hence, higher antioxidant

levels in the treated cells are able to neutralize the free

radical generation. TrxR activity is targeted by a number of

anti-cancer drugs and potent inhibitors that alter cancer

related properties of malignant cells [66]. Thus, its decrease

Fig. 4 a Light micrograph of

rat colon treated with DMH

showing severe inflammation

with large lymphoid tissue

formation and hyperplasia

(H&E, 940). b Distorted

morphology of cells on

treatment with DMH (H&E,

9100). c Light micrograph of

rat colon treated with FO ? CO

(1:1) with varied gland size and

increased intraglandular space

(H&E, 940). d Light

micrograph of the rat colon

supplemented with FO ? CO

(2.5:1) showing normal features

with increased intra glandular

space and regenerative changes

(H&E, 940)
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may be an important defense in the cancer progression

which indeed is the result on treatment with the lower ratios

of fish oil and corn oil. In addition, n-3 PUFA were able to

activate the immune response and cause increased inflam-

mation which indeed was the observation in the present

study. In the post initiation phase study, fish oil in the lower

ratios could enhance ROS levels and decrease the antioxi-

dants’ levels. n-3 PUFA are known to activate the chemo-

prevention by increasing the ROS levels. It is also known

that n-3 PUFA improves the efficacy of chemotherapeutic

regimens by increasing the ROS levels and that leads to

tumoricidal effect [50].The histopathological observations

and the decreased ACF count of the present study also

support the preventive effect of fish oil with regenerative

changes.

Administration of higher ratio of fish oil and corn oil

(2.5:1) in the initiation phase showed a significant increase

in the ROS levels as compared to the carcinogen treated

animals with increased antioxidant levels. The cancer

chemopreventive strategies have been reported to induce

ROS levels which lead to DNA damage and ultimately

apoptosis [51, 67]. Our findings of supplementation with

the higher ratio of fish oil and corn oil are in agreement

with the report showing a decrease in the activities of the

CAT and GPx in the cancer cells lines on treatment with

the DHA [68]. Increased LPO with decreased GPx and

GST activities in tumorigenic rats are suggestive of the

oxidative stress [69–71].

However, in the post initiation phase there was a

decrease in the ROS levels on supplementing the fish oil

and corn oil in the (2.5:1) ratio in the present study. CAT,

SOD, GSH levels were decreased while there was an

increase in the GR and GPx activity and DNA fragmen-

tation. The normal levels of ROS with decrease in SOD and

CAT attributes to the fact that GSH/GSSG redox signalling

may play a major role. GSH/GSSG ratio is maintained by

GR which uses the reducing power of NADPH to convert

to GSSG to GSH [72]. Our study has also shown an

increase in the GR activity along with the decrease in the

GSH levels that may affect the redox potential. Therefore,

the redox potential is modulated in the fish oil and corn oil

treated animals which in turn have been implicated to

modulate cell survival and death signals such as NF-jb,

PKC and caspases leading to apoptosis [72, 73]. Our study

had also shown an associated increase in the apoptotic

levels. In addition, regenerative changes were also seen in

the groups administered with the fish oil and corn oil

thereby supporting our hypothesis.

The ambiguity in the levels of ROS in the present study

on supplementing different ratio of fish oil and corn oil can

be explained by the fact that DHA is known to have a dose-

and time-dependent effect on lipid peroxidation [74].It has

been reported that low doses of DHA led to a decrease in

the lipid peroxidation while an increase in dosage led to an

increase in the lipid peroxidation. Lipid peroxidation in

turn, is modulated by the cellular antioxidant defense

system [74].

Morphological changes along with the ACF with the

increased multiplicity serve as the markers of the chemo-

preventive response in both human and experimental colon

cancer [75]. Treatment with the DMH in the rats led to an

increase in the incidence and multiplicity of the ACF and

inflammation in the colon. Various studies involving DMH

induced colon carcinogenesis in rat model indicate that

morphological surface alterations such as the proliferative

activity and dysplasia in colonic mucosal epithelium start

developing during the process of carcinogenesis [76–78].

However, there was a decrease in the ACF incidence and

multiplicity with decreased inflammation of colon on

treatment with the fish oil and corn oil in different ratios. A

reduction in the ACF multiplicity has been reported in

connection to the cancer chemoprevention [79, 80]. The

protective action of the higher ratio in reducing the mul-

tiplicity of ACF are supported by the studies showing dose

dependent effect of DHA administration on ACF incidence

and multiplicity in colon cancer [81, 82]. The increase in

the ACF incidence and multiplicity in the post initiation

study may be attributed to the age related changes which

has been reported by the previous studies [81, 82]. In the

present study, the decreased ACF count with histopathol-

ogical examination showing a normal mucosa and crypt

accompanied by regenerative changes suggest the efficacy

of the higher doses of fish oil and corn oil.

To conclude, the present study suggests that adminis-

tration of fish oil and corn oil has a dose- and time-

dependent chemopreventive effect in experimental colon

cancer with a better efficacy of FO ? CO (2.5:1). The

chemoprevention effect may be mediated by modulation of

oxidative stress and apoptosis.
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Abstract We made a comparative analysis of the uptake,

tissue deposition and conversion of dietary a-linolenic acid

(ALA) to its long chain metabolites eicosapentaenoic acid

(EPA) and docosahexaenoic acid (DHA) with preformed

EPA ? DHA. Diets containing linseed oil [with ALA at

*2.5 (4 g/kg diet), 5 (8 g/kg diet), 10 (16 g/kg diet), 25%

(40 g/kg diet)] or fish oil [with EPA ? DHA at *1

(1.65 g/kg diet), 2.5 (4.12 g/kg diet), 5% (8.25 g/kg diet)] or

groundnut oil without n-3 polyunsaturated fatty acids (n-3

PUFA) were fed to rats for 60 days. ALA and EPA ? DHA

in serum, liver, heart and brain increased with increments in

the dietary ALA level. When preformed EPA ? DHA were

fed, the tissue EPA ? DHA increased significantly com-

pared to those given ALA. Normalized values from dietary

n-3 PUFA to tissue EPA ? DHA indicated that 100 mg of

dietary ALA lead to accumulation of EPA ? DHA at 2.04,

0.70, 1.91 and 1.64% of total fatty acids respectively in liver,

heart, brain and serum. Similarly 100 mg of preformed

dietary EPA ? DHA resulted in 25.4, 23.8, 15.9 and 14.9%

of total fatty acids in liver, heart, brain and serum respec-

tively. To maintain a given level of EPA ? DHA, the dietary

ALA required is 12.5, 33.5, 8.3 and 9.1 times higher than the

dietary EPA ? DHA for liver, heart, brain and serum

respectively. Hence the efficacy of precursor ALA is lower

compared to preformed EPA ? DHA in elevating serum and

tissue long chain n-3 PUFA levels.

Keywords a-Linolenic acid � Eicosapentaenoic acid �
Docosahexaenoic acid � Serum lipids � Tissue lipids

Abbreviations

ALA a-Linolenic acid (18:3 n-3)

ANOVA Analysis of variance

ARA Arachidonic acid (20:4 n-6)

DHA Docosahexaenoic acid (22:6 n-3)

DPA Docosapentaenoic acid (22:5 n-3)

EPA Eicosapentaenoic acid (20:5 n-3)

FO Fish oil

GNO Groundnut oil (peanut oil)

HDL High density lipoprotein

LDL Low density lipoprotein

LNA Linoleic acid (18:2 n-6)

LSO Linseed oil

ND Not detected

PUFA Polyunsaturated fatty acid (s)

SD Standard deviation

SFA Saturated fatty acid

Introduction

The principal n-3 polyunsaturated fatty acids (n-3 PUFA)

consumed by vegetarian populations are a- linolenic acid

(ALA, 18:3n-3) and the dietary intake of eicosapentaenoic

acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-

3) in these subjects is negligible. The intake of EPA and DHA

is restricted to people who consume fish. However the veg-

etarians refrain from consuming fish and have to depend on

the dietary ALA for EPA and DHA. ALA is elongated and
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desaturated to 24:6 (n-3) by the following steps, 18:3 ?
18:4 ? 20:4 ? 20:5 ? 22:5 ? 24:5 ? 24:6 after which

24:6 (n-3) is shortened to DHA by one step of b-oxidation in

peroxisomes [1]. Therefore ALA has to play a major role in

vegetarians for the maintenance of EPA and DHA supply to

the body.

The bioavailability of an individual fatty acid is influ-

enced by the presence of other fatty acids and, for many

years, studies have focused on apparent differences in the

deposition of linoleic acid (LNA, 18:2n-6) and ALA in

tissue lipids [2]. The ALA did not appear to accumulate to

the same extent as that of LNA even under circumstances

where equal amounts of LNA and ALA are fed [3]. Bazinet

et al. [4] evaluated the utilization of ALA in growing rats

consuming a diet deficient in n-6 PUFA. After 90 days,

whole-body ALA accumulation was 55% lower, total n-3

PUFA accumulation was 21% lower, and ALA disappear-

ance was 14% higher in n-6 PUFA deficient rats. Part of the

reduction of whole-body ALA in n-6 PUFA-deficient rats

was due to the 25% increase in net conversion of ALA to

long-chain n-3 PUFA. Despite adequate ALA intake, n-6

PUFA deficiency decreased the accumulation of ALA and

total n-3 PUFA. Thus n-6 PUFA affected the homeostasis of

ALA. Humans show differences in LNA and ALA accu-

mulation. While linear relationships were found between

dietary ALA and EPA levels in plasma, LNA in the plasma

increases linearly with dietary LNA [5]. The factors con-

trolling the conversion of ALA to EPA and DHA may be an

important determinant for maintaining adequate amounts of

ALA, EPA and DHA in cells for optimal tissue function.

Many researchers have extensively reviewed the essential-

ity of n-3 PUFA and emphasized on dose response effects of

these fatty acids on its incorporation in tissues [6]. The

levels of the long chain n-3 PUFA in serum and tissue are

dependent on intake of either their precursors or preformed

product. If an increased level of ALA is to be promoted for

maintaining a given level of long chain n-3 PUFA, it is

necessary to consider to what extent dietary ALA is

absorbed, stored and converted into long chain metabolites.

In the present investigation, the effect of different levels

of ALA or preformed EPA ? DHA on the incorporation of

long chain n-3 PUFA into serum and tissue lipids were

studied. The implications of this uptake of n-3 PUFA on

the risk factors that have a bearing on cardiovascular

functions were also studied.

Experimental Procedures

Materials

Cholesterol, Dipalmitoyl phosphatidyl choline, triolein,

and a-cellulose were purchased from Sigma Chemical Co,

(St. Louis, MO, USA). Heparin and MnCl2 were obtained

from Sisco Research Laboratory (Mumbai. India). Refined

groundnut oil (Peanut oil) was purchased from a local

supermarket. Fish oil (FO) (Sea Cod; brand name for cod

liver oil by Seven Seas Ltd, Hull UK which is marketed in

India by Universal Medicare Pvt. Ltd. Gujarat, India) was

purchased from a Government pharmacy. Linseed oil

(LSO) was obtained by cold pressing linseed which was

double filtered and stored at 4�C after flushing the con-

tainer with nitrogen gas. All the chemicals and solvents

used were of analytical grade and solvents were distilled

prior to use.

Animals and Diets

Male Wistar rats (OUTB-Wistar. IND-cft (2c) weighing

50 ± 4 g were grouped by random distribution (N = 6

animals per group). They were placed in individual cages

with a 12-h light: dark cycle, in an approved animal house

facility at the Central Food Technological Research Institute

in Mysore, India. Rats were given the diet fresh each day and

leftovers from the diets were weighed and discarded.

Growth of the rats was monitored by weighing at regular

intervals. The rats had free access to food and water

throughout the study. The ingredients used in the basal diet

were (g/100 g): casein 20; cellulose 5; sucrose 54; AIN-76

mineral mix 3.5; AIN-76 vitamin mix 1; methionine 0.3;

choline chloride 0.2; and fat 16 [7]. Diet containing only

groundnut oil (GNO) as sole source of fat served as control.

Incremental amounts of LSO or FO were added and made

isocaloric with GNO. After 60 days of feeding, rats were

fasted overnight and sacrificed under ether anesthesia. Blood

was drawn by cardiac puncture and serum was separated by

centrifugation at 1,100g for 30 min. Liver, heart, brain and

adipose were removed, rinsed with ice-cold saline, blotted,

weighed and stored at -20�C until analyzed. The experi-

mental protocol for these studies was approved by Animal

Ethics Committee Nominated by Government of India.

Analysis of Lipids

Lipids were extracted from serum and tissues by the

method of Folch et al. [8]. Serum and liver cholesterol

levels were quantitated by the method of Searcy and

Bergquist [9]. HDL cholesterol was estimated after pre-

cipitating LDL with heparin-MnCl2 reagent [10]. Phos-

pholipids were measured by the method of Stewart [11]

using dipalmitoylphosphatidyl choline as reference stan-

dard. Triacylglycerol were estimated by the method of

Fletcher [12]. Fatty acids were analyzed as methyl esters

[13] by gas chromatography (Shimadzu 14B fitted with

FlD) using fused silica capillary column 25 m 9 0.25 mm

(Parma bond FFAP-DF-0.25: Machery-Nagel Gm BH Co.

800 Lipids (2010) 45:799–808
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II Duren, Germany). The operating conditions were: initial

column temperature 160�C, injector temperature 210�C

and detector temperature 250�C; column temperature was

programmed to ramp 6�C per min to reach final tempera-

ture of 240�C. Nitrogen gas was used as the carrier. Indi-

vidual fatty acids were identified by comparing retention

times of standards (NU-Check prep. Inc., Elysian Minne-

sota, USA) and were quantitated by online chromatopack

CR-6A integrator.

Statistics

The results were analyzed statistically by ANOVA [14]. A

p value of \0.001 is considered to be significantly

different.

Results

Fatty Acid Composition of Diet

Fatty acid composition of control and experimental diets

are given in Table 1. LSO was added to increase the ALA

content of the diet to provide *2.5, 5.0, 10.0 and 25.0%

ALA. The LNA/ALA ratios in the LSO containing diets

were found to be 9.15, 4.52, 1.96 and 0.69. Similarly

addition of FO increased the EPA and DHA level of the

diet. The diet with FO provided approximately 1.0, 2.5 and

5.0% EPA ? DHA. The LNA/EPA ? DHA ratios in the

diet were found to be 16.46, 7.62 and 4.18. The LNA

content was maintained between 18 and 24% in all the

experimental diets. The amounts of diet consumed in dif-

ferent groups were comparable. There was no significant

change in the food efficiency ratio and body weight gained

by rats fed diet containing different amounts of LSO or FO

compared to control groups (Data not shown).

Serum Lipid Profile of Rats Fed Diets Containing

Different Levels of LSO or FO

The rats fed ALA containing diets were found to contain

1.0, 1.9, 3.3 and 5.9% of ALA in serum lipids when the diet

contained 2.5, 5.0, 10.0 and 25.0% ALA respectively

(Table 2). The sum of EPA and DHA content in these

animals were found to be 1.0, 1.7, 2.9 and 5.1% respec-

tively. The corresponding ratios of EPA ? DHA/ALA in

serum lipids were 1.0. 0.89, 0.88 and 0.86 respectively

indicating a moderate conversion of ALA to long chain n-3

PUFA. However, the total amount of ALA accumulated in

the serum of rats fed LSO containing diets did not exceed

5.9% of total fatty acids even when the diet contained ALA

to an extent of 40 g/kg diet. The EPA ? DHA levels in the

serum of rats fed diet containing 1.0, 2.5 and 5.0%

EPA ? DHA were found to be 3.4, 6.1, and 9.7% indi-

cating that preformed long chain n-3 PUFA on weight basis

compared to ALA was efficiently incorporated in lipopro-

teins and as shown in following sections was also incor-

porated in tissue lipids. Thus feeding diets containing LSO

or FO at increasing concentrations resulted in accumulation

of n-3 PUFA in the serum. The n-3 PUFA was not detected

in control rats fed GNO. A dose dependent decrease in the

serum total cholesterol level in both LSO and FO fed rats

was observed (Table 3). At 2.5, 5.0, 10.0 and 25.0% ALA

level in the diet the total cholesterol in serum was

decreased by 7, 14, 17 and 26% respectively compared to

rats given control diets. Whereas, at 1.0, 2.5 and 5.0%

Table 1 Fatty acid composition

(mg%) of diets

Values are means of triplicate

samples

ND not detected, GNO
groundnut oil, LSO linseed oil,

FO fish oil

Fatty acid GNO ALA ALA ALA ALA EPA ? DHA

1.0%

EPA ? DHA

2.5%

EPA ? DHA

5.0%2.5% 5.0% 10.0% 25.0%

14:0 ND ND ND ND ND 1.5 1.8 2.9

16:0 14.47 13.80 13.16 12.69 10.9 12.5 12.72 14.2

16:1 (n-7) ND ND ND ND ND 2.60 2.64 3.0

18:0 2.56 2.77 3.30 3.5 4.5 2.36 3.50 3.83

18:1 (n-9) 56.87 56.20 54.78 52.05 40.5 56.8 53.51 46.36

18:2 (n-6) 26.09 24.54 23.54 21.04 18.0 21.9 20.9 21.2

18:3 (n-3) ND 2.68 5.2 10.71 26.0 ND ND ND

20:4 (n-6) ND ND ND ND ND 0.9 2.00 3.16

20:5 (n-3) ND ND ND ND ND 0.61 1.26 2.43

22:5 (n-3) ND ND ND ND ND 0.10 0.18 0.27

22:6 (n-3) ND ND ND ND ND 0.72 1.48 2.64

SFA 17.03 16.57 16.46 16.19 15.40 16.36 18.02 20.93

PUFA 26.09 27.22 28.74 31.75 44.00 24.13 25.64 29.43

PUFA/SFA 1.53 1.65 1.74 1.88 2.85 1.48 1.42 1.40

n-6/n-3 – 9.15 4.52 1.96 0.69 16.46 7.62 4.18
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levels of EPA ? DHA in the diet, the total cholesterol was

decreased by 10, 19 and 25% respectively. Similarly,

serum triacylglycerol in rats fed diets with 2.5. 5.0, 10.0

and 25.0% ALA levels decreased by 6, 11, 19 and 28%

respectively compared to control animals. In rats fed diets

with EPA ? DHA at 1.0, 2.5 and 5.0% levels decreased

triacylglycerol by 12, 20 and 27% respectively. These

studies indicated that both ALA as well as long chain n-3

PUFA in the diet can effectively decrease serum choles-

terol and triacylglycerol levels in rats, but higher levels

of ALA were required to get comparable effects of

EPA ? DHA containing diets.

Liver Lipid Profile of Rats Fed Diets Containing

Different Levels of LSO or FO

The fatty acid profile in liver lipids of rats fed diet with

different amounts of ALA or EPA ? DHA are given in

Table 4. The ALA levels of liver lipids in rats fed diets

containing 2.5. 5.0, 10.0 and 25.0% ALA were found to be

0.8, 1.9, 3.2 and 4.4% respectively. The EPA and DHA

level in these rats were found to increase in a dose

dependent manner with an increase in the ALA level in the

diet. The EPA levels in the liver of rats fed diets with ALA

content of 2.5, 5.0, 10.0 and 25.0% were found to be 0.7,

1.2, 3.5 and 3.9% of total fatty acids respectively and the

DHA levels in the liver were found to be 0.4, 0.9, 1.6 and

2.7% of total fatty acids respectively. Control rats fed GNO

contained neither ALA nor EPA ? DHA. These studies

indicated that ALA from the diet was taken up and further

metabolized to long chain n-3 PUFA to a certain extent.

Similarly, the EPA ? DHA in the diets significantly

increased the EPA and DHA level in the liver lipids. The

EPA levels in the liver of rats fed diets containing 1.0, 2.5

and 5.0% EPA ? DHA were found to be 2.4, 6.2 and 9.5%

respectively and DHA levels were found be 2.6, 5.7 and

8.7% of total fatty acids respectively. These studies indi-

cated that ALA or EPA ? DHA from the diet is taken up

and incorporated in liver lipids. However, higher levels of

preformed long chain n-3 PUFA accumulated in liver even

Table 2 Serum fatty acid profile (%) of rats fed n-3 fatty acids from LSO or FO at incremental levels

Fatty acid GNO ALA ALA ALA ALA EPA ? DHA EPA ? DHA EPA ? DHA

2.5% 5.0% 10.0% 25.0% 1.0% 2.5% 5.0%

16:0 21.9 ± 2.0b 24.9 ± 1.9b 25.3 ± 2.0b 25.9 ± 2.3b 24.9 ± 2.3b 24.6 ± 1.5b 24.1 ± 1.8b 24.9 ± 3.0b

16:1 (n-7) 0.6 ± 0.3b 1.0 ± 0.2b 0.9 ± 0.2b 1.0 ± 0.3b 0.9 ± 0.3b 2.0 ± 0.4c 2.6 ± 0.3c 3.4 ± 1.0d

18:0 7.2 ± 1.3b 8.7 ± 1.6b 8.9 ± 0.9b 10.1 ± 2.3b 9.2 ± 3.0b 9.2 ± 0.8b 10.1 ± 2.0b 9.6 ± 2.3b

18:1 (n-9) 40.9 ± 1.3b 38.1 ± 2.9b 37.8 ± 2.3b 36.2 ± 3.0b 35.7 ± 2.7b 39.1 ± 3.6b 38.1 ± 4.8b 37.2 ± 5.3b

18:2 (n-6) 22.6 ± 2.5b 19.6 ± 4.4bc 18.1 ± 2.3bc 16.1 ± 3.9c 14.3 ± 4.0cd 15.0 ± 2.3cd 13.3 ± 2.3cd 10.6 ± 2.9d

18:3 (n-3) ND 1.0 ± 0.08b 1.9 ± 0.08c 3.3 ± 0.1d 5.9 ± 0.4e ND ND ND

20:4 (n-6) 5.9 ± 0.3b 4.8 ± 0.3c 4.4 ± 0.4c 3.6 ± 0.3d 3.1 ± 0.2d 5.4 ± 0.4b 4.2 ± 1.0c 3.1 ± 0.8d

20:5 (n-3) ND 0.7 ± 0.2b 1.2 ± 0.3c 1.9 ± 0.3d 3.2 ± 0.9e 1.6 ± 0.3cd 3.1 ± 0.6e 4.8 ± 1.0f

22:5 (n-6) 0.9 ± 0.2b 0.8 ± 0.1b 0.8 ± 0.1b 0.7 ± 0.2b 0.6 ± 0.2b 0.8 ± 0.2b 0.8 ± 0.1b 0.6 ± 0.1b

22:5 (n-3) ND ND 0.1 ± 0.05b 0.18 ± 0.05b 0.2 ± 0.05b 0.4 ± 0.1c 0.6 ± 0.1cd 0.8 ± 0.09d

22:6 (n-3) ND 0.3 ± 0.1b 0.5 ± 0.2b 1.0 ± 0.1c 1.9 ± 0.3d 1.8 ± 0.2d 3.0 ± 0.4e 4.9 ± 0.4f

Values are means ± SD (n = 6 rats). Values not sharing a common superscript within a row are statistically significant (0.001). For abbre-

viations see Table 1

Table 3 Serum lipid profile (mg/dL) of rats fed n-3 fatty acids from LSO or FO at incremental levels

Parameters GNO ALA ALA ALA ALA EPA ? DHA EPA ? DHA EPA ? DHA

2.5% 5.0% 10.0% 25.0% 1.0% 2.5% 5.0%

Total cholesterol 93.4 ± 3.8b 86.9 ± 2.6c 80.0 ± 3.1de 77.2 ± 3.2efg 69.2 ± 3.8f 83.7 ± 2.9ce 76.0 ± 4.5e 70.4 ± 4.7fg

HDL

cholesterol

48.0 ± 3.0b 44.4 ± 1.9b 38.5 ± 1.5cd 36.0 ± 2.6cd 34.6 ± 2.5d 41.5 ± 2.2c 36.6 ± 0.9d 35.4 ± 1.9d

LDL ? VLDL

cholesterol

45.4 ± 1.9b 42.4 ± 1.2b 41.0 ± 2.7bc 40.0 ± 3.5bc 34.6 ± 5.5c 42.2 ± 3.8b 39.4 ± 4.0b 37.0 ± 4.1bc

Phospholipids 114.4 ± 10.2b 106.7 ± 8.5b 104.6 ± 8.4b 108.9 ± 5.6b 107.9 ± 7.5b 114.2 ± 7.9b 120.6 ± 7.1b 110.4 ± 5.5b

Triacylglycerol 147.5 ± 6.7b 138.9 ± 3.8b 130.8 ± 6.3c 119.6 ± 8.8d 106.7 ± 10.4c 129.6 ± 4.9c 117.3 ± 8.4d 107.7 ± 9.7d

Values are means ± SD (n = 6 rats). Values not sharing a common superscript within a row are statistically significant (0.001). For abbre-

viations see Table 1
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though it was provided at a dosage, which is significantly

lower than that of ALA. The total cholesterol and triacyl-

glycerol level decreased in a dose dependent manner when

rats were fed a diet containing incremental amounts of

ALA or EPA ? DHA (Table 5). In rats fed diets contain-

ing LSO to provide ALA at 2.5, 5.0, 10.0 and 25.0% levels,

the total cholesterol levels decreased by 9, 13, 21, and 27%

respectively and triacylglycerol levels were lowered by 8,

15, 20 and 28% respectively compared to the control

group. In rats fed diets containing FO with EPA ? DHA

levels of 1.0, 2.5 and 5.0% lowered the total cholesterol

level by 7, 11 and 16% respectively and triacylglycerol

levels by 10. 17 and 24% respectively compared to the

control group.

Heart, Brain and Adipose Tissue Fatty Acid Profile

of Rats Fed Diet with Different Levels of LSO or FO

The fatty acid profile of the heart (Table 6), brain (Table 7)

and adipose (Table 8) tissues were significantly altered

when different levels of ALA or EPA ? DHA were fed to

rats. EPA was not detected in the heart of control rats as

well as in rats fed 2.5% ALA in the diet, but very small

amounts of EPA was detected when ALA was fed at levels

greater than 5.0% in the diet. The initial level of DHA in

the heart tissue of control rats was found to be 3.8% of total

fatty acids and was raised to 4.2, 4.8 and 6.0% respectively

when ALA levels were maintained at 5.0, 10.0 and 25.0%

in the diets. However, feeding FO at incremental levels

significantly increased the DHA level in the heart. From

the initial 3.8% of total fatty acids, the DHA level was

raised to 8.2, 11.2 and 15.1% of total fatty acids in rats fed

diet with 1.0, 2.5 and 5.0% EPA ? DHA.

Feeding incremental level of ALA to rats resulted in an

increase in the levels of DHA by 13–49% in brain tissue.

The initial level of DHA in brain tissue of control rats was

found to be 8.3% and was raised to 9.4, 10.4, 11.2 and

12.4% respectively when ALA levels were maintained at

2.5, 5.0, 10.0 and 25.0% in the diet. ALA was detected in

the brain tissue of rats fed diets containing ALA at 10.0 and

25.0%. Feeding diets containing FO resulted in a 37–104%

increase in the DHA level from 8.3 in the control to 11.4,

13.1 and 16.9% of total FAs in rats when EPA ? DHA

levels in the diet were maintained at 1.0, 2.5 and 5.0%

levels respectively.

The level of ALA in the adipose tissue increased when

incremental amounts of ALA were given in the diet. The

ALA in adipose tissue was found to be 1.9, 3.9, 6.9 and

Table 4 Liver tissue fatty acid profile (%) of rats fed n-3 fatty acids from LSO or FO at incremental levels

Fatty acid GNO ALA ALA ALA ALA EPA ? DHA EPA ? DHA EPA ? DHA

2.5% 5.0% 10.0% 25.0% 1.0% 2.5% 5.0%

16:0 18.3 ± 2.1b 17.7 ± 1.2b 17.4 ± 2.0b 16.4 ± 2.0b 17.7 ± 3.0b 16.9 ± 2.3b 18.1 ± 3.0b 17.9 ± 2.9b

16:1 (n-7) 1.1 ± 0.2b 1.0 ± 0.3b 0.8 ± 0.3b 0.9 ± 0.1b 1.2 ± 0.1b 1.9 ± 0.1c 2.8 ± 0.4d 4.8 ± 2.9e

18:0 13.0 ± 1.2b 15.3 ± 1.7bd 20.0 ± 1.1c 21.1 ± 2.3c 23.3 ± 3.1c 17.6 ± 2.3cd 16.1 ± 3.0b 15.2 ± 2.1b

18:1 (n-9) 38.2 ± 3.6b 37.1 ± 4.2b 34.1 ± 3.6b 32.2 ± 4.0bc 28.3 ± 3.c 34.6 ± 2.9bc 30.8 ± 3.9c 28.6 ± 3.4c

18:2 (n-6) 14.3 ± 1.9 13.1 ± 1.3bc 12.0 ± 2.0bd 11.5 ± 1.1ce 9.9 ± 1.3e 11.4 ± 1.9cd 9.6 ± 1.0d 7.1 ± 0.8e

18:3 (n-3) ND 0.8 ± 0.2b 1.9 ± 0.3c 3.2 ± 0.6d 4.4 ± 0.7e ND ND ND

20:4 (n-6) 13.9 ± 1.3b 13.0 ± 1.8b 10.8 ± 1.0bc 8.8 ± 0.9cd 7.6 ± 0.9cd 11.5 ± 0.9b 9.6 ± 0.8c 6.9 ± 1.0d

20:5 (n-3) ND 0.7 ± 0.2b 1.2 ± 0.9c 3.5 ± 0.8de 3.9 ± 0.4de 2.4 ± 0.8e 6.2 ± 0.9f 9.5 ± 1.0 g

22:5 (n-6) 1.1 ± 0.2b 0.8 ± 0.1bc 0.7 ± 0.2bc 0.6 ± 0.2c 0.6 ± 0.1c 0.8 ± 0.1bc 0.7 ± 0.2bc 0.7 ± 0.1c

22:5 (n-3) ND ND 0.17 ± 0.08b 0.2 ± 0.05bc 0.3 ± 0.1c 0.2 ± 0.1bc 0.3 ± 0.05bc 0.5 ± 0.05d

22:6 (n-3) ND 0.4 ± 0.08b 0.9 ± 0.09c 1.6 ± 0.2d 2.7 ± 0.7e 2.6 ± 1.0e 5.7 ± 0.7f 8.7 ± 1.1 g

Values are means ± SD (n = 6 rats). Values not sharing a common superscript within a row are statistically significant (0.001). For abbre-

viations see Table 1

Table 5 Liver lipid profile (mg/g tissue) of rats fed n-3 fatty acids from LSO or FO at incremental levels

Parameter GNO ALA ALA ALA ALA EPA ? DHA EPA ? DHA EPA ? DHA

2.5% 5.0% 10.0% 25.0% 1.0% 2.5% 5.0%

Total cholesterol 10.9 ± 0.4b 9.9 ± 0.2c 9.45 ± 0.1dg 8.61 ± 0.1e 8.00 ± 0.2f 10.09 ± 0.1c 9.72 ± 0.1cg 9.2 ± 0.1df

Triacylglycerol 16.9 ± 0.9b 15.5 ± 0.5bc 14.4 ± 0.6cd 13.53 ± 0.6de 12.12 ± 0.5e 15.29 ± 0.5c 13.98 ± 0.5de 12.77 ± 0.9e

Phospholipids 25.2 ± 1.4b 26.0 ± 2.9b 28.2 ± 2.3b 28.2 ± 3.0b 28.77 ± 2.0b 25.14 ± 2.3b 25.14 ± 1.3b 25.36 ± 1.3b

Values are means ± SD (n = 6 rats). Values not sharing a common superscript within a row are statistically significant (0.001). For abbre-

viations see Table 1
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12.1% of total fatty acids respectively when the ALA content

in the diets was kept at 2.5, 5.0, 10.0 and 25.0%. EPA and

DHA were not detected in the adipose tissue of rats fed diet

with different levels of ALA; however, feeding FO resulted

in a significant incorporation of EPA and DHA in adipose

tissue. The EPA levels were found to be 0.8, 2.6 and 4.9% of

total fatty acids respectively when diets containing 1.0, 2.5

and 5.0% were fed to the rats. The corresponding DHA levels

observed in the adipose tissue of these rats were 0.9, 2.8 and

5.2% respectively.

Discussion

The primary objective of this investigation was to evaluate

the uptake of ALA from a vegetable oil source and its

subsequent conversion to long chain n-3 PUFA in different

tissues. This is compared with the uptake of preformed long

chain n-3 PUFA obtained from FO. These uptakes were

monitored at comparable levels of LNA in the diet. The

study indicated that with the increase in the dietary ALA

levels, there was a corresponding increase in the levels of

ALA with a small but significant increase in the accumula-

tion of EPA ? DHA in the serum and liver. Though ALA

levels in the diet were increased from 4 to 40 g/kg diet, the

ALA levels in serum lipids increased from only 1.0–5.9% of

total fatty acids. Long chain metabolites of ALA, namely,

EPA ? DHA also increased from 1 to 5% of total fatty acids

in serum lipids. This indicated that though higher amounts of

ALA are fed to rats, only a small proportion of ALA and its

long chain metabolites are accumulating in serum lipids.

Earlier studies have shown that dietary ALA increased the

Table 6 Heart tissue fatty acid profile (%) of rats fed n-3 fatty acids from LSO or FO at incremental levels

Fatty acid GNO ALA ALA ALA ALA EPA ? DHA EPA ? DHA EPA ? DHA

2.5% 5.0% 10.0% 25.0% 1.0% 2.5% 5.0%

16:0 14.7 ± 2.1b 14.2 ± 2.3b 14.9 ± 1.9b 15.6 ± 2.0b 17.4 ± 3.3b 14.4 ± 3.1b 14.4 ± 2.3b 14.3 ± 2.0b

16:1 (n-7) 1.5 ± 0.7bc 1.3 ± 0.6bc 0.9 ± 0.2b 1.2 ± 0.4bc 1.3 ± 0.3bc 1.8 ± 0.7bc 2.1 ± 0.9c 2.9 ± 1.0c

18:0 27.3 ± 2.3b 28.0 ± 3.1b 27.9 ± 2.7b 29.5 ± 3.8b 29.2 ± 3.4b 25.1 ± 3.6b 25.8 ± 1.9b 25.5 ± 2.3b

18:1 (n-9) 20.1 ± 2.1b 19.8 ± 3.0b 19.9 ± 2.0b 18.5 ± 3.0b 19.7 ± 2.8b 19.3 ± 3.6b 19.3 ± 1.3b 18.2 ± 2.0b

18:2 (n-6) 14.6 ± 1.9b 14.7 ± 1.2b 14.4 ± 2.0b 13.3 ± 3.1bc 11.9 ± 2.4c 13.0 ± 2.6bc 10.8 ± 1.9c 9.3 ± 2.0c

18:3 (n-3) ND ND ND 0.2 ± 0.05c 0.3 ± 0.1d ND ND ND

20:4 (n-6) 17.0 ± 3.0b 17.1 ± 2.8b 16.7 ± 3.1b 15.8 ± 3.3b 13.0 ± 2.7b 16.1 ± 2.3b 13.9 ± 3.1b 12.0 ± 1.9b

20:5 (n-3) ND ND 0.1 ± 0.08b 0.1 ± 0.1c 0.2 ± 0.1d 0.7 ± 0.2d 1.0 ± 0.3d 1.2 ± 0.2e

22:5 (n-6) 0.9 ± 0.1b 0.8 ± 0.2b 0.7 ± 0.2bc 0.7 ± 0.1bc 0.6 ± 0.1c 0.8 ± 0.2bc 0.8 ± 0.1bc 0.7 ± 0.1bc

22:5 (n-3) ND 0.1 ± 0.07b 0.2 ± 0.08b 0.2 ± 0.07b 0.3 ± 0.1b 0.5 ± 0.09c 0.6 ± 0.1c 0.7 ± 0.1c

22:6 (n-3) 3.8 ± 0.6b 3.9 ± 1.1b 4.2 ± 1.3bc 4.8 ± 1.0bc 6.0 ± 1.6c 8.2 ± 1.3d 11.2 ± 1.8e 15.1 ± 2.1f

Values are means ± SD (n = 6 rats). Values not sharing a common superscript within a row are statistically significant (0.001). For abbre-

viations see Table 1

Table 7 Brain tissue fatty acid profile (%) of rats fed n-3 fatty acids from LSO or FO at incremental levels

Fatty acid GNO ALA ALA ALA ALA EPA ? DHA EPA ? DHA EPA ? DHA

2.5% 5.0% 10.0% 25.0% 1.0% 2.5% 5.0%

16:0 20.9 ± 2.1b 21.2 ± 2.0b 20.0 ± 3.1b 20.3 ± 0.9b 19.4 ± 1.3b 22.1 ± 1.9b 22.7 ± 2.7b 21.9 ± 3.0b

16:1 (n-7) 0.3 ± 0.5b 0.2 ± 0.04b 0.3 ± 0.03b 0.3 ± 0.05b 0.2 ± 0.06b 0.4 ± 0.06c 0.7 ± 0.03d 0.9 ± 0.07e

18:0 17.1 ± 1.6b 17.0 ± 2.3b 18.1 ± 2.0bc 20.0 ± 1.9bc 22.0 ± 3.0c 15.6 ± 2.3bd 15.5 ± 2.9bd 13.9 ± 3.0d

18:1 (n-9) 36.7 ± 4.1b 35.6 ± 1.9b 34.8 ± 2.6b 33.0 ± 2.6b 31.5 ± 3.6b 34.3 ± 2.3b 33.3 ± 4.0b 32.2 ± 2.6b

18:2 (n-6) 3.4 ± 1.0b 3.4 ± 1.1b 3.2 ± 0.6b 2.6 ± 1.0bc 2.0 ± 0.8cd 3.0 ± 0.9bd 2.8 ± 1.0bd 2.7 ± 0.6bd

18:3 (n-3) ND ND ND 0.1 ± 0.1b 0.2 ± 0.1b ND ND ND

20:4 (n-6) 12.3 ± 2.1b 12.2 ± 1.9b 12.0 ± 0.9b 11.2. ± 2.0bc 10.7 ± 1.2bc 11.9 ± 1.6bc 10.3 ± 2.0bc 9.6 ± 1.0c

20:5 (n-3) ND ND 0.1 ± 0.06b 0.2 ± 0.09b 0.3 ± 0.1bc 0.1 ± 0.05b 0.3 ± 0.08bc 0.4 ± 0.1c

22:5 (n-6) 0.6 ± 0.2b 0.5 ± 0.2b 0.5 ± 0.1b 0.4 ± 0.1b 0.4 ± 0.1b 0.5 ± 0.1b 0.4 ± 0.1b 0.4 ± 0.1b

22:5 (n-3) 0.3 ± 0.09b 0.4 ± 0.1b 0.5 ± 0.08bc 0.6 ± 0.1c 0.8 ± 0.15d 0.6 ± 0.09bc 0.8 ± 0.04d 1.0 ± 0.07e

22:6 (n-3) 8.3 ± 1.0b 9.4 ± 0.9bc 10.4 ± 1.3bcd 11.2 ± 1.6cd 12.4 ± 1.5d 11.4 ± 2.0cd 13.1 ± 1.2d 16.9 ± 1.6e

Values are means ± SD (n = 6 rats). Values not sharing a common superscript within a row are statistically significant (0.001). For abbre-

viations see Table 1
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tissue long chain n-3 PUFA level in rats [15, 16] and in

suckling piglets [17]. However, preformed EPA ? DHA

were taken up by the serum and liver much more efficiently

than that derived from ALA. Thus at 2.5 and 5.0% ALA in

the diet, EPA ? DHA was observed to an extent of 1.0 and

1.7% in serum and 1.1 and 2.1% of total fatty acids in liver

lipids. Whereas, with similar levels of preformed EPA ?

DHA in the diet, these long chain n-3 PUFA were found to

accumulate to an extent of 6.0 and 9.7% in serum, and 11.9

and 18.2% of total fatty acids in liver lipids respectively.

This indicated a more efficient uptake and retention of pre-

formed long chain n-3 PUFA in serum and liver [18].

The lower levels of long chain n-3 PUFA in subjects

given ALA rich diets compared to those given preformed

EPA ? DHA is the subject matter of many recent studies.

Most of the investigators are of the opinion that this is due to

extensive oxidation of ALA once it is ingested [19–21]. The

competition of LNA for delta-6 desaturase may reduce

conversion of ALA to long chain n-3 PUFA. The back-

ground diet is another factor which can modulate the con-

version process. MacDonald and Garg [22] noticed that

conversion of ALA to EPA was highest in rats receiving

saturated fats but lowest in the PUFA fed rats. In addition,

the ability of ALA conversion to long chain n-3 PUFA

particularly DHA varied depending on the animal models

used. Fu and Sinclair [23] noted that increased ALA intake

increases tissue ALA but had very little effect on tissue

DHA in guinea pigs. Humans also showed limited capacity

to convert ALA to DHA [24]. However, in rats, dietary

ALA increased DHA to a small but significant level [22,

25]. The ALA can also undergo metabolism in a recycling

pathway [26]. Unlike ALA, long chain fatty acids like DHA

seem to undergo less b-oxidation and carbon recycling.

These studies indicate that ALA is subjected to metab-

olism in different routes and hence the actual amount that

is available for its conversion to long chain n-3 PUFA may

be limited under most circumstances. On the other hand,

preformed long chain n-3 PUFA are more resistant to

metabolic changes such as b-oxidation and carbon recy-

cling [26] which may indicate its ready availability for

uptake by tissues. This may contribute to an increased

uptake of preformed long chain n-3 PUFA in comparison

with those derived from ALA.

The ratio of n-6 to n-3 fatty acids is often considered to

be crucial for the conversion of ALA to long chain n-3

PUFA as n-6 fatty acid (LNA) can compete with delta-6

desaturase which acts on both n-6 and n-3 fatty acids [27,

28]. It is also shown that in the presence of LNA, the

ALA is oxidized to greater extent and hence may not be

available as substrate for synthesis of its long chain

metabolites [29]. In our studies the ratio of n-6 to n-3

fatty acids were varied from 9.11 to 0.69. In spite of such

large range of ratios used for LNA to ALA in the diet,

ALA was converted to EPA and DHA in serum and tis-

sues at all the ratios of n-6 to n-3 fatty acids used in the

diet. This indicated that LNA did not influence delta-6

desaturase responsible for converting ALA to long chain

n-3 PUFA. Further, LNA accumulation and its conversion

to arachidonic acid (ARA) were also found to be depen-

dent on the levels LNA available in the diet. ALA even

though varied from 2.5 to 25.0% in the diet, did not

significantly influence accumulation of LNA and the

conversion to ARA again indicating that neither LNA nor

the ALA interfered with each other metabolism to long

chain PUFA. However, when preformed EPA ? DHA

were given in the diet, there was a progressive accumu-

lation of these fatty acids in serum and the liver, which

took place at the expense of LNA and ARA. This may

indicate that n-6 fatty acids are displaced by long chain

n-3 PUFA in serum and the liver.

Table 8 Adipose tissue fatty acid profile (%) of rats fed n-3 fatty acids from LSO or FO at incremental levels

Fatty acid GNO ALA ALA ALA ALA EPA ? DHA EPA ? DHA EPA ? DHA

2.5% 5.0% 10.0% 25.0% 1.0% 2.5% 5.0%

14:0 2.6 ± 0.06b 1.4 ± 0.09c 1.3 ± 0.07c 1.4 ± 0.1c 1.0 ± 0.1d 1.9 ± 0.2e 1.5 ± 0.4ce 1.6 ± 0.09f

16:0 17.0 ± 3.6b 16.1 ± 1.0b 16.7 ± 1.1b 15.3 ± 0.9b 17.2 ± 1.0b 18.2 ± 1.9b 16.2 ± 2.1b 17.4 ± 1.3b

16:1 (n-7) 3.6 ± 1.0b 3.7 ± 0.4b 4.0 ± 0.6b 4.2 ± 1.0b 3.7 ± 0.3b 4.4 ± 0.8b 5.6 ± 1.2bc 6.5 ± 0.8c

18:0 1.3 ± 0.08b 2.0 ± 0.2c 1.3 ± 0.1b 0.8 ± 0.1d 0.5 ± 0.06e 1.3 ± 0.2b 1.1 ± 0.03b 0.8 ± 0.04c

18:1 (n-9) 55.1 ± 3.6b 54.0 ± 1.9b 53.7 ± 1.2b 53.2 ± 1.3b 49.5 ± 1.0c 53.9 ± 2.4b 52.6 ± 3.9bd 49.0 ± 1.8cd

18:2 (n-6) 19.5 ± 2.6b 20.0 ± 1.1b 18.1 ± 2.0bc 17.4 ± 0.9c 15.5 ± 0.5d 17.8 ± 3.4c 16.8 ± 2.9cd 13.9 ± 2.9e

18:3 (n-3) ND 1.9 ± 0.1b 3.9 ± 0.3c 6.9 ± 1.0d 12.1 ± 0.3e ND ND ND

20:4 (n-6) 0.8 ± 0.08b 0.8 ± 0.04b 0.9 ± 0.06b 0.7 ± 0.02b 0.4 ± 0.01c 0.7 ± 0.06b 0.6 ± 0.05b 0.5 ± 0.01c

20:5 (n-3) ND ND ND ND ND 0.8 ± 0.01b 2.6 ± 0.2c 4.9 ± 0.4d

22:5 (n-3) ND ND ND ND ND ND 0.1 ± 0.02b 0.1 ± 0.05b

22:6 (n-3) ND ND ND ND ND 0.9 ± 0.02b 2.8 ± 0.6c 5.2 ± 0.9d

Values are means ± SD (n = 6 rats). Values not sharing a common superscript within a row are statistically significant (0.001). For abbre-

viations see Table 1
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The changes in the n-3 PUFA levels in different tissues

in response to dietary lipids were not uniform. The DHA

content in heart did not change appreciably up to 10.0%

ALA in the diet. Even at a 25.0%, the ALA level in the diet

there had only a 54% increase in DHA content above that

found in the control group. However, DHA levels increased

by 110, 187 and 287% when EPA ? DHA was included in

the diet at 1.0, 2.5 and 5.0% respectively. The EPA levels

were also increased in FO fed animals as compared to those

given higher levels of ALA in the diet. The extent of

dietary EPA uptake compared to dietary DHA was sig-

nificantly lower. Studies have shown that the DHA incor-

poration exceeds that of EPA even if DHA is fed at lower

levels [30]. Our results, supports the general view that heart

tissue readily takes the n-3 fatty acids, particularly DHA.

The brain is another organ, which is highly enriched in

DHA. The high levels of DHA in the brain of a number of

mammalian species irrespective of their size led to early

speculations that this fatty acid plays a crucial role in the

nervous system [31]. Many studies using ALA deficient

diets have shown reductions in the level of DHA in brain

and loss of many cognitive functions [32, 33]. Feeding

incremental amounts of ALA in the diets progressively

increased DHA levels by 13-49% when ALA levels were

increased from 2.5 to 25% in the diet. Similarly in rats fed

1.0–5.0% EPA ? DHA in the diet increased DHA levels in

brain by 37–104% over that found in the control animals. A

small increase in the EPA and docosapentaenoic acid

(DPA) (22:5 n-3) level was also observed in rats fed diets

containing ALA or EPA ? DHA. Even limited production/

accumulation of EPA and DPA from dietary ALA may be

physiologically relevant as they may provide a circulating

reservoir for DHA synthesis in tissues.

Adipose tissue normally does not contain long chain n-6

or n-3 fatty acids. However, ALA accumulation in the

adipose tissue increased linearly in response to an

increasing ALA content in the diet. Feeding incremental

amounts of ALA from 2.5 to 25.0% in the diet resulted in

the accumulation of ALA from 1.9 to 12.1% in the adipose

tissue. This is of particular interest, since adipose tissue

represents one of the important storage tissues for ALA

[34] that can be made available to the body when needed.

We, however, did not detect any long chain n-3 PUFA in

adipose tissue. Our findings are in agreement with the

results of Lin and Connors [34] and also Kajwara et al.

[35], which showed that when rats were given perilla oil

which contained ALA to an extent of 60% resulted in an

accumulation of ALA to an extent of 12% but less than 1%

EPA and DHA was detected in adipose tissue. These

studies indicated that adipose tissue might not be of major

importance in DHA deposition following ALA intake,

whereas they represent the main storage compartment for

ALA [15].

These studies indicated that significant differences do

exist in handling ALA and long chain n-3 PUFA which

prompted Abedin et al. [36] to suggest that effect of LNA,

ALA, ARA and DHA on tissue fatty acid composition may

be an indicator for differential handling of essential fatty

acids by the body. They further state that the incorporation

of long chain n-3 PUFA in neural tissue which has been

most extensively studied are not the same as those

observed in other tissues like liver and heart and therefore

it is necessary to explore the potential differences in han-

dling of long chain PUFA which may have distinguishable

effects on physiological factors [36]. This again under-

scores the need for caution while recommending dietary

ALA as an alternative to long chain n-3 PUFA. The low

conversion of ALA to DHA even when used in low and

high concentrations in the diet in rat and pig models is

shown in Table 9. Based on our results, the amount of

dietary n-3 PUFA required to increase EPA ? DHA levels

in different tissues was calculated. Consumption of 100 mg

Table 9 Studies showing the

effect of dietary ALA on tissues

DHA level in experimental

animals

NA not analyzed

Reference Dietary Plasma Liver Brain Heart Species

ALA (%) DHA (%) DHA (%) DHA (%) DHA (%)

Hwang et al. [41] Low 0.16 1.26 1.01 NA NA Rat

High 23.46 4.04 6.04 NA NA

Bourre et al. [40] Low 0.1 NA 2.3 9.3 2.1 Rat

High 4.5 NA 5.0 11.2 8.2

Igarashi et al. [42] Low 0.2 0.07 0.017 1.57 NA Rat

High 4.6 1.48 0.73 3.52 NA

Abedin et al. [36] Low 0.1 NA 0.28 8.63 0.3 Pig

High 7.1 NA 0.84 11.47 0.75

Fu and Sinclair [23] Low 0.3 NA 0.2 6.4 0.4 Pig

High 17.3 NA 0.4 7.4 0.6

Bazinet et al. [17] Low 2.3 1.1 3.7 7.2 NA Pig

High 17.9 1.4 5.7 8.9 NA

806 Lipids (2010) 45:799–808

123



of ALA will result in the accumulation of EPA ? DHA at

2.04, 0.70, 1.91 and 1.64% of total fatty acids respectively

in the liver, heart, brain and serum. Similarly consumption

of 100 mg of preformed EPA ? DHA in the diet resulted

in 25.4, 23.8, 15.9 and 14.9% of total fatty acids in liver,

heart, brain and serum respectively. This indicated that to

maintain a given level of long chain n-3 PUFA the dietary

ALA required is 9.1, 12.5, 33.5 and 8.3 times higher than

that could be achieved with preformed EPA ? DHA in the

diet for serum, liver, heart and brain respectively. Earlier

studies on weanling rats showed that 0.16% of radio-

labeled DHA given orally is recovered in the brain com-

pared with 0.008% recovered when radio-abeled ALA was

given which is a difference of 20 fold between ALA and

DHA for its incorporation in brain lipids [37]. In guinea

pigs, 10 times more dietary ALA compared to DHA was

required to maintain a given level of DHA in brain [36]. In

baboons preformed dietary DHA was 7 times more effec-

tive as a substrate for neural DHA than that derived from

dietary ALA [38]. These studies indicated high efficiency

of preformed DHA to raise the levels of tissue DHA as

compared to that obtained from ALA in the diet. All these

observations have prompted Sinclair to suggest that there is

a clear need to define a physiological end point while fixing

the requirements for ALA rather than the conventional

criteria adopted for fixing recommended dietary allowance

for essential fatty acids [39]. Our studies do support such a

need for fixing the criteria for ALA intake.

In conclusion, the present study indicates that ALA

could be an alternative source for long chain n-3 PUFA if

taken at higher levels in the diet. This could be elongated

and desaturated to long chain n-3 PUFA to a limited extent

and it also has beneficial effects in lowering serum lipid

levels. However, significantly higher levels of ALA in the

diet are required for mimicking the effects of preformed

EPA ? DHA in the diet. These results, which were

observed in rats, however need to be validated in humans

using natural sources of n-3 PUFA before recommending

ALA as an alternative to EPA ? DHA in the diet.
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Abstract The high ingestion of oleic (OLA) and linoleic

(LNA) acids by Western populations, the presence of

inflammatory diseases in these populations, and the

importance of neutrophils in the inflammatory process led

us to investigate the effects of oral ingestion of unesterified

OLA and LNA on rat neutrophil function. Pure OLA and

LNA were administered by gavage over 10 days. The

doses used (0.11, 0.22 and 0.44 g/kg of body weight) were

based on the Western consumption of OLA and LNA.

Neither fatty acid affected food, calorie or water intake.

The fatty acids were not toxic to neutrophils as evaluated

by cytometry using propidium iodide (membrane integrity

and DNA fragmentation). Neutrophil migration in response

to intraperitoneal injection of glycogen and in the air pouch

assay, was elevated after administration of either OLA or

LNA. This effect was associated with enhancement of

rolling and increased release of the chemokine CINC-2ab.

Both fatty acids elevated L-selectin expression, whereas no

effect on b2-integrin expression was observed, as evaluated

by flow cytometry. LNA increased the production of

proinflammatory cytokines (IL-1b and CINC-2ab) by

neutrophils after 4 h in culture and both fatty acids

decreased the release of the same cytokines after 18 h. In

conclusion, OLA and LNA modulate several functions of

neutrophils and can influence the inflammatory process.

Keywords Neutrophil migration � Inflammation �
Adhesion molecules � Cytokines �
Oleic acid and linoleic acid
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ALT Alanine transaminase

AST Aspartate transaminase

CINC-2ab Cytokine-induced neutrophil

chemoattractant-2ab
ICAM-1 Intercellular adhesion molecule-1
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IL-6 Interleukin-6

LDH Lactate dehydrogenase

LTB4 Leukotriene B4
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LPS Lipopolysaccharide

MCP-1 Macrophage chemoattractant protein-1
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fMLP N-formyl-methionyl-leucyl-phenylalanine

NF-jB Nuclear factor kappa B

OLA Oleic acid

PUFA Polyunsaturated fatty acids
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PGE2 Prostaglandin E2

ROS Reactive oxygen species

TNF-a Tumor necrosis factor-a
VCAM-1 Vascular cell adhesion molecule-1

Introduction

The interest in studying the effects of fatty acids on aspects

of the immune response began in 1970, when Pipette and

Saugier [1] demonstrated the effects of an intravenous

infusion of lipid emulsion on leukocytes isolated from

rabbits. Although the effects of x-3 [2] and x-6 [3–6]

polyunsaturated fatty acids have been frequently addressed

in previous studies, little information is available about the

action of oleic acid (OLA), the major x-9 fatty acid in the

human diet, on immune function. Previous in vitro studies

have shown that OLA inhibits protein kinase C activity in

lymphocytes [7], the release of myeloperoxidase [8] and

the chemotaxis of human neutrophils [9], but that it can

promote necrosis and apoptosis of human lymphocytes

[10]. Increased ingestion of olive oil (a major source of

oleic acid) has been associated with a reduction in car-

diovascular disease, rheumatoid arthritis and a variety of

cancers (reviewed by Waterman et al. [11]). These effects

are attributed to OLA and/or the phenols present in this oil.

Since oxidative stress and inflammation are important

factors involved in the etiology of these diseases and

neutrophils are important cells involved in the inflamma-

tory response, it is relevant to study the effects of OLA and

other fatty acids on neutrophil functions.

Neutrophils are the first cells that migrate into tissues in

response to invading bacteria or other microorganisms, and

they act to destroy invading pathogens through an array of

microbiocidal mechanisms [12] such as phagocytosis, and

production of reactive oxygen species, cytokines and pro-

teolytic enzymes.

Here we investigate the effects of oral administration of

unesterified OLA and LNA on neutrophil responses:

migration, expression of adhesion molecules, interaction

with endothelium and production of proinflammatory

cytokines. Changes in neutrophil responses due to fatty

acids could delay or accelerate inflammation onset and/or

resolution.

Experimental Procedure

Reagents

OLA, LNA, fetal bovine serum (FBS), HEPES, penicillin,

streptomycin, sodium bicarbonate, lipopolysaccharide

(LPS) (Escherichia coli strain 0111:B4), N-formyl-

methionyl-leucyl-phenylalanine (fMLP), oyster glycogen

and RPMI-1640 culture medium supplemented with

L-glutamine were from Sigma Chemical Co. (St. Louis,

MO, USA). Fluorescein isothiocyanate labeled anti

rat-L-Selectin (anti-rat CD62L) and anti rat-b2-integrin

(anti-rat CD18) were purchased BD PharMingen Technical

(San Diego, CA, USA).

Animals

Male Wistar rats weighing 180 ± 20 g (from the Depart-

ment of Physiology and Biophysics, Institute of Biomedi-

cal Sciences, São Paulo University, Brazil) were

maintained at 23�C under a light: dark cycle of 12:12 h.

Animals received chow (Nuvital, Curitiba, Brazil—con-

taining 22% protein, 4.5% fat, 40.8% carbohydrate, 8%

fiber, reaching 3.0 kcal/g total metabolizable energy) and

water ad libitum. The fatty acid composition of the chow is

presented in Table 1. Food and water consumption were

evaluated after each 48 h.

The Animal Care Committee of the Institute of Bio-

medical Sciences approved the experimental procedure of

this study (Protocol number: 86).

Administration of Oleic and Linoleic Acids

According to the Department of Agriculture of USA [13] the

average daily consumption of monounsaturated and poly-

unsaturated fat by adult men in the USA is 38 and 23 g,

Table 1 Fatty acid composition of the chow

Fatty acids (%)

Caproic acid (6:0) –

Caprylic acid (8:0) 0.37

Capric acid (10:0) 0.21

Lauric acid (12:0) 15.35

Myristic acid (14:0) 0.05

Palmitic acid (16:0) 17.06

Margaric acid (17:0) 0.10

Estearic acid (18:0) 2.23

Eicosapentaenoic acid (20:5 x-3) 1.81

a-Linolenic acid (18:3 x-3) 3.04

Docosahexaenoic acid (22:6 x-3) –

Arachidonic acid (20:4 x-6) –

Palmitoleic acid (16:1) –

Linoleic acid (18:2 x-6) 42.59

Oleic acid (18:1 x-9) 17.15

Total 100

Saturated fatty acids 35.39

Unsaturated fatty acids 64.60
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respectively. This is mainly in the form of OLA and LNA,

respectively [13]. Considering this information, we calcu-

lated the equivalent doses to use in rats. The diets were

supplemented by the oral route (by gavage) with pure OLA

or LNA at doses of 0.11, 0.22 and 0.44 g/kg body weight,

daily for 10 days. Control animals received 0.22 g/kg body

weight of water by gavage. Other studies have demonstrated

that ingestion of fatty acids for short periods is able to

change low density lipoprotein fatty acid composition [14],

modify plasma concentrations of inflammatory markers [15]

and reduce the severity of diabetes mellitus in rats [16].

Nutritional Parameters

Based on food intake and fatty acid supplementation, total

caloric intake (kcal/day) was calculated as ((mean food

intake 9 3.0 kcal) ? kcal from fatty acid supplementa-

tion)/days of supplementation.

Biochemical Determinations

Blood samples were allowed to clot, and the sera were

isolated by centrifugation at 1,0009g for 10 min and kept

at -20�C before determination. Serum alanine transami-

nase (ALT), aspartate transaminase (AST), lactate dehy-

drogenase (LDH) and free fatty acids were determined by

routine laboratory methods using BioClin kits (Belo Hor-

izonte, Brazil) and Wako chemicals (Neuss, Germany).

Histological Analysis

Histological evaluation of the small intestine was done by a

pathologist who was blinded to the experimental groups,

and it was based on the following parameters: villus:crypt

ratio, epithelium, reactivity of the crypt, calciform cells

number, number of intraepithelium lymphocytes, Peyer

plates reactivity, muscle layer, nerve plexuses.

Neutrophil Preparation

Rat neutrophils were obtained by intraperitoneal (i.p.)

lavage with 40 mL calcium and magnesium free PBS (pH

7.4), 3 h after i.p. injection of 10 mL 1% (w/v) sterile

glycogen solution (Sigma type II, from oyster) in PBS. The

cell suspension was centrifuged at 4�C (500g for 10 min).

The number of viable cells ([95% neutrophils) was

determined in a Neubauer chamber under an optical

microscope by trypan blue exclusion.

Determination of Neutrophil Fatty Acid Composition

Extraction of total lipids from neutrophils (1 9 106 cells)

was performed following the method of Folch et al. [17].

Fatty acid composition of neutrophils was determined by

reverse phase high performance liquid chromatography

(HPLC). In brief, the samples were saponified and meth-

ylated by heating for 2 h with 2 mL of 0.5 mol/L sodium

methylate. The fatty acid methyl esters formed were

recovered with hexane and analyzed in a Shimadzu HPLC

equipped with a fluorescence detector, using a Supelco

fused silica column (25 cm 9 4.6 mm).

Culture Conditions

Neutrophils obtained as described above were maintained

in RPMI-1640 culture medium containing 10% FBS,

glutamine (2 mmol/L), Hepes (20 mmol/L), streptomycin

(100 lg/mL), penicillin (100 international units/mL) and

sodium bicarbonate (24 mmol/L). Cells (2.5 9 106 cells/

mL) were incubated in 24-well polystyrene culture plates

at 37�C and 5% CO2 with or without 5 lg/mL LPS for 4

and 18 h. This concentration of LPS is used to stimu-

late rat neutrophils [18]. At the end of the incubation

period, cell supernatant was collected and stored at

-80�C until to the measurement of CINC-2ab and IL-1b
concentrations.

Cell Membrane Integrity Assay

Cells (1 9 106) were centrifuged at 1,000 rpm for 5 min at

4�C and the pellet obtained was resuspended in 500 lL

PBS. Thereafter, 50 lL propidium iodide (50 mg/mL in

PBS) were added and the cells then were analyzed by flow

cytometry (FACSCalibur, Becton–Dickinson, USA). Pro-

pidium iodide is a highly water-soluble fluorescent com-

pound that cannot pass through intact membranes and is

generally excluded from viable cells. Fluorescence was

measured using the FL2 channel (orange-red fluorescence-

585/42 nm). Ten thousand events were analyzed per

experiment. Cells with propidium iodide fluorescence were

then evaluated by using Cell Quest software (Becton–

Dickinson).

DNA Fragmentation Assay

Cells were centrifuged as described above. The pellet

obtained was resuspended in 300 lL hypotonic solution

containing 50 lg/mL propidium iodide, 0.1% sodium

citrate, and 0.1% Triton-X-100. This detergent permea-

bilizes the cells, allowing the dye to be promptly

incorporated into DNA. Cells were then incubated for

30 min at room temperature. DNA fragmentation was

analyzed by flow cytometry after DNA staining with

propidium iodide according to the method described

above. Fluorescence was measured and analyzed also as

described.

Lipids (2010) 45:809–819 811

123



Expression of Adhesion Molecules (L-Selectin

and b2-Integrin) Evaluated by Flow Cytometry

In order to estimate L-selectin or b2-integrin expression,

leukocytes were isolated from abdominal aorta blood and

collected with EDTA solution (100 mg/mL). Erythrocytes

were lysed using an ammonium chloride solution (0.13 M)

and leukocytes were recovered after washing with PBS.

Cells (1.0 9 106) were stimulated with N-formyl-methio-

nyl-leucyl-phenylalanine (fMLP; 10 nM) for 10 min for

L-selectin and 30 min for b2-integrin measurement. After

washing, leukocytes were further incubated for 30 min at

4�C in the dark with 10 lL fluorescently conjugated

monoclonal antibody against rat L-selectin or rat b2-inte-

grin. Immediately after incubation, cells were analyzed in a

FACScalibur flow cytometer. Data from 10,000 cells were

obtained and only morphologically viable neutrophils were

considered for analysis. Leukocytes were separated by size

and granularity through flow cytometry. As circulating

leukocytes in rats are represented by lymphocytes (about

80–85%), neutrophils (about 10–15%), monocytes (about

4–5%) and eosinophils (about 1%), gates were selected

as mononuclear (lymphocytes and monocytes) and poly-

morphonuclear (neutrophils and eosinophils) leukocytes

[19, 20].

Intravital Microscopic Assay

Rats were anesthetized and the mesentery was exteriorized.

After surgery, the animals were kept on a special board

thermostatically controlled at 37�C that included a trans-

parent platform on which the tissue to be transilluminated

was placed. The preparation was kept moist and warmed by

irrigating the tissue with a warmed Ringer-Locke solution

(pH: 7.2–7.4; NaCl 154 mM; KCl 5.6 mM; CaCl2�2H2O

2 mM; NaHCO3 6 mM and glucose 5 mM) containing 1%

gelatin. The rate of the solution outflow onto the exposed

tissue was controlled to keep the preparation in continuous

contact with a film of liquid. Transilluminated images were

obtained by optical microscopy (Axioplan II, equipped with

95.0/0.30 plan-neofluar or 910.0/0.25 Achroplan longitu-

dinal distance objectives/numeric aperture and 91.0, 1.25

or 1.60 optovar, Carl Zeiss). The images were captured

using a video camera (ZVS, 3C75DE, Carl Zeiss) and were

transmitted simultaneously to a TV monitor and a com-

puter. Images obtained in the TV monitor were recorded on

video-tape. Digitized images were subsequently analyzed

by using an image-analyzing software (KS 300, Kontron).

Leukocyte–Endothelial Interaction

The interaction between leukocytes and vessel walls was

evaluated by determining the number of rolling and

adherent leukocytes on the post capillary venule wall

(20–30 lm diameter, 200 lm length) of the mesentery at

10-min intervals. Three fields were evaluated in each ani-

mal. Leukocytes moving in the peripheral of the axial

stream, in contact with the endothelium, were considered to

be rollers [19]. These leukocytes moved sufficiently slowly

to be individually visible and were counted as they rolled

past a selected point on one side of the vessel during

10 min. The number of leukocytes adherent to the endo-

thelium (stopped at the vessel wall) was determined in the

same vascular segment during 10 min. A positive control

(fMLP) was used in this assay. After analysis of rolling and

adhered cells, 10 lL fMLP (10-8 M) was applied on the

mesentery and after 10 min rolling and adherent cells were

counted.

Air Pouch Assay and Exudate Preparation

Induction of rat skin air pouches was performed according

to the method described by Edwards et al. [21]. Briefly,

20 mL of sterile air (using 0.22 lm Fluoropore filters) was

insufflated into the subcutaneous tissue of the back trunk of

rats under anaesthesia. Seven days later, an additional

10 mL of sterile air was insufflated. Negative controls

received 1 mL of sterile PBS, and positive controls

received 1 mL of sterile PBS plus fMLP (10 nM) through

the same route. Four hours after the injection of the stim-

ulus, the animals were killed by decapitation and the

inflammatory exudate was collected after washing the

cavity with 2 mL of sterile PBS. The suspension was

centrifuged at 500g for 10 min at 4�C. Cells were counted

in a Neubauer chamber. The supernatant was assayed for

CINC-2ab by ELISA (DuoSet; R&D Systems, Minneap-

olis, MN, USA), according to the supplier’s instructions.

Ex Vivo Cytokine Production

Neutrophils (2.5 9 106 cells) were incubated in the pres-

ence or absence of LPS (5 lg/mL) in an environment

containing 5% CO2 at 37�C in a humid atmosphere for 4 or

18 h. The concentrations of CINC-2ab and IL-1b in the

supernatant were determined by using a commercially

available enzyme-linked immunosorbent assay kit (R&D

Systems, Minneapolis, MN, USA).

Statistical Analysis

Comparisons were performed using one-way ANOVA and

Dunnett’s multiple comparison post test. The significance

was set at p \ 0.05. Results were expressed as means

± SEM. Pearson’s correlation test was used to identify the

association between the production of cytokines and the

doses of the fatty acids.
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Results

Food, calorie and water intake were not modified by

administration of OLA or LNA (Table 2). Animals

receiving OLA or LNA did not show any clinical sign of

toxicity, such as diarrhea or hair loss. The concentrations of

free fatty acids in plasma were not changed by adminis-

tration of either OLA or LNA (data not shown). The

highest dose (0.44 g/kg body weight) of OLA or LNA did

not induce an alteration in the activity of AST, ALT or

LDH (Fig. 1a, b, c).

Furthermore, morphological analysis of the small

intestine was performed to investigate if the route of

administration, as a single bolus, and the amount of fatty

acids given caused changes. There was no change in the

following parameters measured: villus:crypt ratio, epithe-

lium, reactivity of the crypt, calciform cells number,

Peyer plates reactivity, muscle layer and nerve plexuses

(Supplemental Fig. S1).

No alteration in membrane integrity of DNA fragmen-

tation of neutrophils was observed in cells isolated from

rats treated with OLA or LNA for 10 days compared to

neutrophils isolated from control rats (water) (Fig. 2),

indicating that any functional effects observed in this study

do not result from increased cell death due to fatty acid

administration.

Neutrophils from the OLA and LNA groups (dose

0.22 g/kg body weight) had higher contents of oleic and

linoleic acids (increase of fourfold and 14%, respectively)

(Fig. 3). No alteration was observed in the content of

arachidonic acid between the groups (Fig. 3). The contents

of saturated, unsaturated, and x-3 fatty acids were not

affected by OLA or LNA administration (data not shown).

Neutrophil recruitment in response to injection of gly-

cogen solution was increased in the animals that received

OLA (0.22 and 0.44 g/kg body weight) or LNA (all doses)

(Fig. 4). Considering this result, we evaluated the expres-

sion of adhesion molecules on the surface of neutrophils.

We chose the dose of 0.22 g/kg body weight because this

dose of either OLA or LNA markedly increased the

recruitment of neutrophils. Both fatty acids increased

L-selectin expression on the membrane surface (Fig. 5a) in

Table 2 Food intake (g/day),

caloric intake (kcal/day) and

water ingestion (mL/day) by

rats supplemented with different

doses of oleic or linoleic acid

during 10 days

The values are presented as

means ± SEM of ten animals

per group

Doses 0 0.11 0.22 0.44

Oleic acid (g/kg body weight)

Food intake (g/day) 23.00 ± 0.92 20.65 ± 0.38 22.19 ± 0.85 22.59 ± 0.91

Caloric intake (kcal/day) 69.02 ± 2.76 62.19 ± 1.15 67.04 ± 2.56 68.68 ± 1.25

Water ingestion (mL/day) 37.5 ± 1.70 35.5 ± 0.84 41.75 ± 2.72 40.00 ± 1.58

Linoleic acid (g/kg body weight)

Food intake (g/day) 23.00 ± 0.92 20.53 ± 0.27 20.65 ± 1.69 21.0 ± 0.63

Caloric intake (kcal/day) 69.02 ± 2.76 61.81 ± 0.81 62.40 ± 5.08 63.9 ± 1.91

Water ingestion (mL/day) 37.5 ± 1.70 36.25 ± 0.39 37.40 ± 2.68 35.25 ± 2.03
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Fig. 1 Activities of aspartate

transaminase (AST), alanine

transaminase (ALT) and lactate

dehydrogenase (LDH) in the

serum of rats supplemented with

oleic or linoleic acids (dose

0.44 g/kg body weight). The

values are presented as

means ± SEM of five animals

per group
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non-stimulated neutrophils, but no alteration was found for

b2-integrin expression (Fig. 5b). Neutrophil stimulation

with fMLP increased the expression of both adhesion

molecules. However, no effect of OLA or LNA was

observed on the expression of adhesion molecules in fMLP

stimulated neutrophils (Fig. 5a, b).

In vivo analysis, by intravital microscopy, of neutrophil

interaction with the endothelium, showed that both fatty

acids increase the rolling of leukocytes, but only LNA

augmented the number of adherent leukocytes under basal

conditions (Fig. 6a, b). After application of fMLP there

was a significant increase in the number of rolling and
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Fig. 2 Cellular viability and

DNA fragmentation of

neutrophils isolated from rats

supplemented with different

doses of oleic or linoleic acid.
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Fig. 3 Content of oleic, linoleic

and arachidonic acids in

neutrophils isolated from rats

supplemented with oleic or

linoleic acids (dose 0.22 g/kg
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presented as ng in 1 9 106 cells.
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**p \ 0.01 indicates significant
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indicated by ANOVA and
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adherent cells. LNA increased the number of rolling and

adherent leukocytes after fMLP stimulus (Fig. 6a, b).

To further investigate the effect of fatty acids on neu-

trophil migration, the air pouch assay was used. The

migratory response of neutrophils in vivo was elevated by

both fatty acids in comparison to control (without fMLP).

This response was accompanied by a significant increase in

the concentration of CINC-2ab, which plays an important

role in neutrophil recruitment in rats (Fig. 7a, b). In a

stimulated condition (fMLP), however, no significant

alteration was observed with the fatty acid treatments

(Fig. 7a, b).

The influence of the ingestion of OLA or LNA on the ex

vivo production of proinflammatory cytokines by neutro-

phils was also evaluated. The concentration of CINC-2ab
and IL-1b in the supernatants of neutrophils incubated for 4

and 18 h was determined. Despite a positive correlation

between the treatment with OLA (doses 0.11, 0.22 and

0.44 g/kg body weight) and the production of CINC-2ab
(r2 = 0.92 Pearson correlation test; p = 0.02) and IL-1b
(r2 = 0.92 Pearson correlation test; p = 0.001) by neu-

trophils incubated for 4 h in the absence of LPS, no sig-

nificant difference was observed compared to the control

group (Fig. 8a, c). LNA increased the production of CINC-

2ab and IL-1b by unstimulated neutrophils in a dose-

dependent manner (r2 = 0.93 and 0.98, respectively;

p = 0.01 and 0.003, respectively). This effect was statis-

tically significant at the dose of 0.44 g/kg body weight

(Fig. 8a, d). After LPS-stimulation, OLA had no effects

in the production of these cytokines, whereas, LNA

(0.44 g/kg body weight) reduced the production of

CINC-2ab (Fig. 8a, b).

After 18 h of incubation, both fatty acids significantly

diminished CINC-2ab and IL-1b production by neutrophils

in basal condition (PBS). In LPS-stimulated neutrophils,

OLA (all doses) reduced the production of IL-1b but did

not alter production of CINC-2ab (Fig. 9a, c).

Discussion

OLA is a major fatty acid component of meat, animal fat,

milk, eggs, and some vegetable oils and is also a major

fatty acid component of vegetable oils used in food man-

ufacture [22]. LNA is a major fatty acid component of

many vegetable oils, including some used in food manu-

facture and in animal feeds [22]. Thus, OLA and LNA are

the predominant unsaturated fatty acids in the Western diet
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Fig. 5 Expression of L-selectin

(a) and b2-integrin (b) in

neutrophils isolated from rats
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values are presented as
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indicated by ANOVA and
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[13]. Variation in intake of these two fatty acids may

influence chronic disease risk, particularly diseases with an

inflammatory component.

The serum activity of AST, ALT and LDH is used as a

clinical marker of liver injury [23, 24]. Damaged hepato-

cytes release these enzymes into the extracellular space

from where they enter into the circulation, so augmenting

their circulating activity. The finding that the highest dose

of OLA or LNA (0.44 g/kg body weight) did not elevate

the serum activity of these enzymes, indicates a lack of

toxicity when these fatty acids are administered in the free

form by gavage as was done here.

The augmentation in neutrophil migration seen is pos-

sibly due to an increase in L-selectin expression and in the

production of chemoattractant CINC-2ab. LNA promoted

the release of proinflammatory cytokines after a short

incubation period (4 h) and both fatty acids inhibited this

release after a prolonged incubation (18 h). In the presence

of LPS, only LNA reduced CINC-2ab production by

neutrophils after 4 h. However, OLA inhibited the pro-

duction of IL-1b but did not affect CINC-2ab release by

stimulated neutrophils incubated for 18 h. These observa-

tions reinforce the idea that OLA modifies neutrophil

responses and should not be used as a control in further

studies.

Fatty acids can accumulate into droplets in the cyto-

plasm or be incorporated into the phospholipids in cell

membranes. The incorporation of fatty acids in neutrophils

(either in the membrane or in droplets) is one, but not the

only, possible mechanism involved in the effects seen here

[25]. Since the cells continually degrade and replace their

lipids [26], the difference in the incorporation of OLA and

LNA into neutrophils could be due to the metabolism of

LNA, keeping in mind that an inflammatory process was

induced in the peritoneum and the cells were collected 3 h

after. Another possible explanation is that each of these

fatty acids exerts its effect by a different mechanism, which

may not necessarily involve incorporation of the fatty acid

into the cell membrane. More studies are necessary to

clarify which mechanisms are involved in the effects of

OLA and LNA seen in the present study.

Neutrophil recruitment requires adhesion and transmi-

gration through blood-vessel walls, a process that involves

at least four steps: rolling, activation, adhesion and trans-

migration. This is a highly regulated process that requires
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coordinated participation of cytokines (including chemo-

kines), and endothelial and leukocyte adhesion molecules

(immunoglobulins and selectins) [12]. Selectin–ligand

interactions are characterized by rapid bond formation and

dissociation, an interaction that mediates the first step of

leukocyte adhesion, the rolling [12]. Firm attachment of
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leukocytes to the endothelium requires the interaction of

integrin ligands on the leukocyte surface through immu-

noglobulin superfamily members, i.e., ICAM-1, ICAM-2

and VCAM-1, expressed on the endothelium [27]. Effects

of OLA and LNA on endothelial cell expression of integrin

ligands are conflicting: some authors demonstrated

increases [15, 28] and others found decreases in the

expression of adhesion molecules [29–31]. These con-

trasting results possibly occurred due to differences in the

experimental conditions such as the cell type, time of

incubation and fatty acid concentrations used.

In the present study the administration of either OLA or

LNA augmented the rolling of neutrophils and the migration

response without affecting the expression of b2-integrin.

Considering that the slowing of neutrophils allows these

cells to recognize chemotactic molecules and to elicit a

chemoattractant-receptor-mediated event [12], these results

can be associated to the increase in L-selectin expression

and chemokine production by neutrophils in a b2-integrin

independent-response. Studies with x-6 fatty acids have

shown an increase in the migratory response of neutrophils

through the increase in the production of prostaglandin D2

[32]. According to Tsuzuki et al. [33], olive oil increases

the expression of a4-integrin and L-selectin on lymphocytes

and thereby enhances the adherence of these cells. We

observed an elevation in the number of adherent neutro-

phils after administration of LNA, but OLA had no effect.

In our study, the use of pure fatty acids ensured that the

effects observed are not due to minor constituents present

in the parent oils or to the combination of different fatty

acids as found in oils.

Another important function of neutrophils is the pro-

duction of proinflammatory cytokines such as CINC-2ab
and IL-1b. CINC-2ab (also referred as IL-8) is a potent

chemoattractant for neutrophils. Blockade of IL-8 receptors

inhibits neutrophil influx to inflamed areas [34]. Augmen-

tation in the production of CINC-2ab hastens the inflam-

matory response through an increase of neutrophil influx

and activation. IL-1b is produced by leukocytes after

infection or injury. This cytokine stimulates cell metabo-

lism and increases the expression of several genes coding

for enzymes than increase the production of biologically

active molecules such as arachidonic acid metabolites [35].

Previous studies investigated the effect of OLA and

LNA ingestion on the production of inflammatory media-

tors. Baer et al. [36] did not observe significant differences

in the concentration of C-reactive protein and IL-6 after

ingestion of an OLA-rich diet by humans. Mice supple-

mented with olive oil exhibited reduced neutrophil pro-

duction of PGE2, LTB4, MCP-1, and TNF-a in endotoxic

shock [37]. Ingestion of a diet rich in OLA resulted in a

reduction of IL-1b, TNF-a and IL-6 release by murine

macrophages cultured for 18 h [38]. On the other hand,

consumption of LNA by mice was correlated with an

increase in plasma concentration of IL-1b after LPS

injection [39].

The production of cytokines is transient and time-

dependent [40]. These characteristics are important to

avoid the overproduction and, consequently, the deleteri-

ous effects of cytokines. In the present study, we observed

that LNA increased the production of IL-1b and CINC-2ab
after 4 h of incubation, but at 18 h, the concentration of

these cytokines was lower than in the control group. This

effect shows that LNA can accelerate the mechanisms

responsible for the production/release of cytokines early in

the inflammatory response, perhaps by promoting the

transcription of pre-formed RNA [41]. The later decrease

in production/release of cytokines could be due to the

synthesis of a transcriptional repressor and/or a decrease in

mRNA half-life [41]. OLA, at the same doses, did not alter

the production of IL-1b and CINC-2ab after a short period

of incubation (i.e., 4 h). However, OLA also reduced the

production of these cytokines after 18 h of incubation in

the presence (IL-1b) or absence of LPS (IL-1b and CINC-

2ab). The difference in the concentrations of CINC-2ab
between 4 and 18 h is small in the OLA group. This sug-

gests that the action of OLA is more pronounced upon the

inhibition of the later process. Our results reinforce the

point that LNA is more pro-inflammatory than OLA,

although both alter cytokine production by neutrophils. The

different responses observed between the incubation times

can involve a diverse range of mechanisms [42, 43], but

further studies are necessary to clarify this point.

In conclusion, we demonstrated that unesterified OLA or

LNA given by gavage modify several neutrophil functions,

in vivo and ex vivo, and indicate that these fatty acids may

affect the course of inflammation.
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Abstract Dysregulation of lipid metabolism is frequently

associated with inflammatory conditions. The mechanism

of this association is still not clearly defined. Recently, we

identified a nuclear oxysterol, 25-hydroxycholesterol-3-

sulfate (25HC3S), as an important regulatory molecule

involved in lipid metabolism in hepatocytes. The present

study shows that 25HC3S and its precursor, 25-hydroxy-

cholesterol (25HC), diametrically regulate lipid metabo-

lism and inflammatory response via LXR/SREBP-1 and

IjBa/NFjB signaling in hepatocytes. Addition of 25HC3S

to primary rat hepatocytes decreased nuclear LXR and

SREBP-1 protein levels, down-regulated their target genes,

acetyl CoA carboxylase 1 (ACC1), fatty acid synthase

(FAS), and SREBP-2 target gene HMG reductase, key

enzymes involved in fatty acid and cholesterol biosynthesis.

25HC3S reduced TNFa-induced inflammatory response by

increasing cytoplasmic IjBa levels, decreasing NFjB

nuclear translocation, and consequently repressing expres-

sion of NFjB-dependent genes, IL-1b, TNFa, and TRAF1.

NFjB-dependent promoter reporter gene assay showed that

25HC3S suppressed luciferase activity in the hepatocytes.

In contrast, 25HC elicited opposite effects by increasing

nuclear LXR and SREBP-1 protein levels, and by

increasing ACC1 and FAS mRNA levels. 25HC also

decreased cytoplasmic IjBa levels and further increased

TNFa-induced NFjB activation. The current findings

suggest that 25HC and 25HC3S serve as potent regulators

in cross-talk of lipid metabolism and inflammatory

response in the hepatocytes.

Keywords Oxysterol sulfation � Oxysterol metabolism �
Lipid metabolism � Inflammatory response � Nuclear

orphan receptor � LXR � NFjB � IjBa

Abbreviations

25HC 25-Hydroxycholesterol

25HC3S 25-Hydroxycholesterol-3-sulfate

ABCA1 ATP-binding cassette, sub-family A, member 1

ABCG5 ATP-binding cassette, sub-family G, member 5

ACC1 Acetyl-CoA carboxylase 1

CYP27A1 Mitochondrial cholesterol 27-hydroxylase

FAS Fatty acid synthase

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

HepG2 Human hepatocellular carcinoma cell line

HMGR 3-Hydroxy-3-methylglutaryl-coenzyme A

reductase

IjBa Nuclear factor of kappa light polypeptide

gene enhancer in B-cells inhibitor, alpha

IL-1b Interleukin-1, beta

LDLR Low density lipoprotein receptor

LXR Liver X receptor

LXRE LXR responsive elements

NAFLD Nonalcoholic fatty liver disease

NFjB Nuclear factor of kappa light polypeptide

gene enhancer in B-cells
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PRH Primary rat hepatocyte

SREBP Sterol regulatory element binding protein

StarD1 Steroidogenic acute regulatory protein, D1

SULT2B1b Sulfotransferase family, cytosolic, 2B,

member 1b

TNFa Tumor necrosis factor, alpha

TRAF1 TNF receptor associated factor 1

Introduction

Lipid metabolic disorders and inflammation are closely

associated and contribute to the pathogenesis of many serious

diseases including atherosclerosis, diabetes, and nonalco-

holic fatty liver disease (NAFLD), which are major causes of

morbidity and mortality in the United States. The American

Liver Foundation estimated that currently up to 5% of

American children over age 5 have NAFLD. A ‘‘two-hit’’

model has been proposed for the development of NAFLD

[1]. The ‘‘first hit’’ is the initial excess lipid accumulation in

the form of free cholesterol, free fatty acid, and triglycerides,

induced by insulin resistance in hepatocytes. In the ‘‘second

hit,’’ excess lipids in hepatocytes lead to cell injury, setting

off a cascade of necro-inflammatory changes that include the

accumulation of mixed inflammatory cells and hepatocyte

ballooning with Mallory body. A sub-set of NAFLD patients

goes on to develop progressive fibrosis. Therefore, decreas-

ing hepatic lipid levels and repressing the inflammatory

response are the keys to NAFLD therapy. Understanding the

cross-talk between lipid accumulation and inflammation is

fundamental for the prevention of NAFLD. However, the

cellular mechanisms controlling lipid metabolism and

inflammatory response are presently unknown.

Oxysterols can act at multiple points in cholesterol

homeostasis and lipid metabolism [2–5]. Recently, we

identified a novel oxysterol, 25-hydroxycholesterol-3-

sulfate (25HC3S), that accumulates in hepatocyte nuclei

following overexpression of the mitochondrial cholesterol

delivery protein, StarD1 [6–8]. This oxysterol is synthe-

sized from sulfation of 25-hydroxycholesterol (25HC) by

sterol sulfotransferase 2B1 (SULT2B1b) [9]. Sulfation of

oxysterol is expected to make an even more polar sterol

that should efflux more rapidly from cells. The oxysterol

sulfation is believed to be an inactivation process since

expression of SULT2B1b attenuated oxysterol-stimulated

LXR signaling both in vivo and in vitro cultured mouse

cells [10]. However, our recent reports have suggested that

25HC3S has different direct effects on lipid metabolism in

HepG2 cells and macrophages compared to its precursor

25HC. 25HC increased SREBP-1c mRNA and protein

levels and induced its targeting genes, but 25HC3S had the

opposite effects [11, 12]. Because the expression of

SREBP-1c is a target gene of LXR [13], the results indicate

that 25HC and 25HC3S may diametrically opposite-regulate

LXR activation. Several chemically synthesized oxysterol

sulfates also display antagonistic activity against LXR [14].

Several reports show that the nuclear oxysterol receptor,

LXR, actively participates in the inflammatory response

[15–18]. The mechanism is not fully understood. For

example, while synthetic LXR agonists could blunt the LPS-

induced up-regulation of adhesion molecules (ICAM-1,

VCAM-1, E-Selectin), 22-hydroxycholesterol and 24,

25-epoxycholesterol enhanced the response. Microarray

profiling further showed that the endothelial gene expression

profiles of 22-hydroxycholesterol and the artificial LXR

ligand T0901317 largely differed, and unexpectedly shared

only a restricted number of genes [19]. Other LXR-activating

oxysterols such as 24,25-epoxycholesterol, 25-hydroxy-

cholesterol, and 27-hydroxycholesterol, stimulated the

endothelial expression of inflammatory markers [19].

In this study, we further demonstrate that 25HC3S and

its precursor 25HC are potent regulators of hepatic lipid

metabolism as well as inflammatory response in hepato-

cytes. We provide the evidence that their effects are

mediated via activation/inactivation of the nuclear recep-

tors, SREBP and NFjB signaling pathways, in both HepG2

cells and primary rat hepatocytes.

Materials and Methods

Cell culture reagents and supplies were purchased from

GIBCO BRL (Grand Island, NY). Hepatoma cell line

(HepG2) cells were obtained from American Type Culture

Collection (Rockville, MD). The reagents for real-time

RT-PCR were obtained from AB Applied Biosystems

(Warrington WA1 4 SR, UK). Antibodies against LXRa/b
(sc-13068), SREBP-1 (sc-8984), FAS (sc-55580), ACC1

(sc-30212), IjBa (sc-371), NFjB (sc-372), Lamin B1

(sc-56145), and Lamin AC (sc-20681) were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies

against ABCA1 (ab18180) were from Abcam (Cambrige,

MA). LXR agonist T0901317 was from New Cayman

Chemical (Ann Arbor, MI). Assay kits for cholesterol E

assay, free cholesterol assay, and Wako NEFA-HR [2] assay

kits for free fatty acid were obtained from Wako Bioprod-

ucts (Richmond, VA). Infinity triglyceride assay kit was

from Thermo Electron (Arlington, TX). FuGENE HD

transfection reagent was obtained from Roche Applied

Science (Indianapolis, IN). The Dual-Glo Luciferase Assay

System and pGL3-NFjB-luc were purchased from Promega

(Wisconsin, WI). The chemicals used in this research were

obtained from Sigma Chemical (St. Louis, MO) or Bio-Red

Laboratories (Hercules, CA). All solvents were obtained

from Fisher (Fair Lawn, NJ) unless otherwise indicated.
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Cell Culture

HepG2 cells were grown in MEM media containing non-

essential amino acids, 30 mM NaHCO3, 10% fetal bovine

serum (FBS), 1 mM L-glutamine, 1 mM sodium pyruvate,

and 1% Pen/Strep, and incubated at 37�C in 5% CO2.

When cells reached *80% confluence, the oxysterols in

DMSO or in ethanol (the final concentration in media was

\0.1%) were added, and the cells were harvested as

indicated. Nuclear and cytoplasmic fractions were isolated

using NE-PER�, Nuclear and Cytoplasmic Extraction

Reagents (Pierce, Rockford, IL).

Primary rat hepatocytes (PRH) were provided by the

core facility in Virginia Commonwealth University

(Richmond, VA) as described previously [20]. Cells were

seeded on 60-mm tissue culture dishes in Williams’ E

medium containing 10% FBS, thyroxine (0.1 lM), and

dexamethasone (0.1 lM). Three hours after plating, culture

medium was removed, and fresh medium and the oxys-

terols in DMSO or in ethanol were added as indicated.

Experiments were performed in PRH to corroborate find-

ings in experiments conducted in HepG2 cells.

Cell Proliferation and Cytotoxicity Assay

HepG2 cells were plated in 96-well plates. After treatment

with 25HC or 25HC3S for 48 h, 10 ll/well of CellTiter

96Aqueous One Solution Reagent [3-(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)

reagent] was added. After incubation at 37�C for 1 h in a

humidified 5% CO2 atmosphere, the absorbance at 490 nm

was recorded with an ELISA plate reader. Control refers to

incubations in the presence of vehicle only (0.1% of DMSO

or ethanol) and was considered as 100% viable cells [20].

Western Blot Analysis of Nuclear LXR, NFjB, SREBP-1,

and Intracellular FAS, ACC1, ABCA1, and IjBa Levels

Cytoplasmic protein extracts or nuclear protein extracts,

50 lg, otherwise as indicated, were separated on 7.5 or

10% SDS-PAGE gels and transferred onto a polyvinyli-

dene difluoride (PVDF) membrane using a Bio-Rad Mini-

Blot transfer apparatus as described previously [21].

Membranes were blocked in Tris-buffered saline (TBS)

containing 5% nonfat dried milk for 1 h. The specific

proteins were determined by incubation with specific

antibodies against LXR, SREBP-1, NFjB, FAS, ACC1,

ABCA1, or IjBa overnight at 4�C with shaking. After

washing, the membrane was incubated in a 1:3,000 dilution

of a secondary antibody (goat anti-rabbit or anti-mouse

IgG-HRP conjugate; Bio-Rad, Hercules, CA) at room

temperature for 1 h in the washing buffer (TBS containing

0.5% Tween 20). The protein bands were visualized using

SuperSignal West Pico Chemiluminescent Substrate Kit

(Pierce, Rockford, IL). Cytoplasmic proteins were nor-

malized to b-actin; nuclear proteins were normalized to

Lamin AC.

LXR Transcription Factor Assay

LXR transcription factor activity was measured using an

enzyme-linked immunosorbent assay (LXR Transcription

Factor Assay kit; Cayman Chemical, Ann Arbor, MI).

HepG2 cells were treated with 25HC3S or 25HC for 2 h.

The cells were then rinsed, and the nuclear proteins were

extracted according to the manufacturer’s instructions.

Twenty micrograms of the nuclear proteins was added to a

96-well plate that had been immobilized by specific

dsDNA sequences containing the LXR responsive elements

(LXRE). After incubating for 1 h, the wells were washed

and incubated with primary LXR antibody, which recog-

nizes the accessible epitope on LXR protein upon LXRE

DNA binding. The HRP conjugated secondary antibody,

which provides a sensitive colorimetric readout, was added

and incubated for 1 h. The reaction was stopped, and

absorbance was read at 450 nm in a spectrophotometer.

Determination of mRNA Levels by Real-Time RT-PCR

Total RNA was isolated from oxysterol- or vehicle-treated

HepG2 or PRH using SV Total RNA Isolation Kit (Pro-

mega, Wisconsin, WI), which included DNase treatment.

Total RNA, 2 lg, was used for the first-strand cDNA

synthesis as recommended by the manufacturer (Invitro-

gen, Carlsbad, CA). Real-time RT-PCR was performed

using SYBR Green as indicator on ABI 7500 Fast Real-

Time PCR System (Applied Biosystems, Foster City, CA).

The final reaction mixture contained 10 ng of cDNA,

100 nM of each primer, 10 ll of 29 SYBR� Green PCR

Master Mix (Applied Biosystems, Foster City, CA), and

RNase-free water to complete the reaction mixture volume

to 20 ll. All reactions were performed in triplicate. PCR

was carried out for 40 cycles of 95�C for 15 s and 60�C for

1 min. The intensity of fluorescence was read during the

reaction, allowing a continuous monitoring of the amount

of PCR product. Each CT value of target gene was nor-

malized to the CT value of internal control GAPDH. The

sequences of primers are summarized (Table 1, Supple-

mental Materials) as previously described at http://www.

pga.mgh.harvard.edu/primerbank/.

Oil Red O Staining of Total Intracellular Neutral Lipids

HepG2 or PRH cells were seeded on 22 9 22-mm glass

coverslips in six-well plates. After the medium was

replaced, cells were cultured in fresh medium with 20%
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FBS and treated with different concentrations of 25HC3S

or vehicle control for 48 h as indicated. Cells were fixed

with 3.7% formaldehyde in phosphate-buffered saline

(PBS) for 30 min followed by washing three times with

PBS. The cells were stained with 0.2% Oil Red O in 60%

isopropanol for 10 min and washed three times with PBS.

The images were taken with the use of a microscope

(Olympus, Tokyo, Japan) equipped with 409 lenses.

Quantitative Measurements of Total Cholesterol, Free

Cholesterol, Free Fatty Acids, and Triglycerides

HepG2 cells were seeded on 60-mm tissue culture dishes

and treated with control vehicle and different concentra-

tions of 25HC3S or 25HC for 48 h as indicated. The cells

were collected with 0.5 ml of PBS and sonicated. Total

lipids were extracted by addition of 10 ml of chloroform–

methanol (2:1, vol/vol) mixture. The extract, 0.5 ml, was

evaporated to dryness and dissolved in 100 ll of isopro-

panol containing 10% of triton X-100 for cholesterol

assays, isopropanol only for triglyceride assay, or the

NEFA solution (0.5 g of EDTA-Na2, 2 g of Triton X-100,

0.76 ml of 1 N NaOH, and 0.5 g of sodium azide/l, pH 6.5)

for free fatty acid assay. The total and free cholesterol,

triglyceride, and free fatty acid assays were performed

according to the manufacturer’s instructions. Each lipid

concentration was normalized to protein concentration.

Transfection and Promoter Reporter Gene-Luciferase

Assays

HepG2 cells were seeded in 96-well plates. When cell

density reached 90–95%, the cells were transfected with an

expression plasmid as indicated using a lipid-based

FuGENE HD transfection reagent according to the manu-

facturer (Roche, Indianapolis, IN). A synthetic renilla

luciferase reporter, phRG-TK (Promega, Wisconsin, WI),

was used as a luciferase internal standard. For NFjB

reporter gene assay, 50 ng of pGL3-NFjB-luciferase

reporter and 50 ng of phRG-TK vector (internal standard)

were co-transfected following the manufacturer’s instruc-

tions. After 24 h following the transfection, HepG2 cells

were treated with different concentrations of 25HC3S or

25HC for another 24 h or further stimulated with TNFa for

6 h. Luciferase activities were determined using the

Dual-Glo Luciferase Assay System according to the man-

ufacturer’s protocol (Promega, Wisconsin, WI). The

amount of luciferase activity was measured using a

TopCount NXT Microplate Scintillation and Luminescence

Counter (Packard, Meriden, CT) and normalized to the

amount of phRG-TK luciferase activity. Transfection was

carried out in triplicate for each sample, and each experi-

ment was repeated three times.

Examination of Intracellular NFjB Translocation

by Confocal Microscopy

HepG2 cells were cultured on coverslips in six-well plates.

When cell density reached 20–30%, the cells were treated

with 25HC or 25HC3S at different concentrations as

indicated for 3 h alone or for 8 h before adding 100 ng/ml

of TNFa for 15 min. The cells on coverslips were washed

with PBS, fixed with 3.7% formaldehyde for 10 min at

4�C, and then rinsed with PBS three times at room tem-

perature. They were permeabilized with PBS containing

0.1% of Triton X-100 for 3 min and washed with PBS

before blocking by incubation with 5% normal goat serum

in PBS overnight at 4�C. For interaction with primary

antibodies, cells were incubated with 2.5% normal goat

serum in PBS containing antibody against NFjB for 1 h at

room temperature. Cells were washed in PBS containing

0.05% of Tween 20 for three times, each time for 10 min.

The bound primary antibodies were visualized with Alexa

Fluor 488 goat anti-mouse IgG. The minor groove of

double-stranded DNA as a nuclear marker was stained with

DAPI. After washing, coverslips were mounted on slides

and viewed with a Zeiss LSM 510 Meta confocal micro-

scope, scale bar = 20 lm.

Statistics

Data are reported as mean ± standard deviation (SD).

Where indicated, data were subjected to t-test or ANOVA

analysis and determined to be significantly different at

P \ 0.05.

Results

Effects of 25HC3S and 25HC on Nuclear LXR Levels

To examine the effect of 25HC3S and its precursor 25HC

on LXR activation, total nuclear proteins were extracted,

and nuclear LXR protein levels were determined by

Western blot analysis. As shown in Fig. 1, addition of

25HC3S to primary rat hepatocytes led to time- (Fig. 1a,

upper panels) and concentration- (Fig. 1b, upper panels)

dependent decreases in LXR protein levels in the nuclei.

When the cells were incubated in the presence of oxys-

terols for 2 h, 25HC3S decreased while 25HC increased

the nuclear LXR levels to the maxima. The changes are

concentration dependent at the indicated time. Similar

results were observed in HepG2 cells as shown in Fig. 1A

in Supplemental Online Materials. To confirm that the

increasing band with molecular weight 48 kDa in the

nuclei was LXR protein, an artificial LXR ligand,

T0901317, was used as positive control. As shown in
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Fig. 1B in Supplemental Online Materials, T0091317

showed a time- and concentration-dependent increase in

the nuclear LXR levels with the same molecular weight.

The results suggest that 25HC3S suppresses LXR activation

while 25HC increases activation. To confirm the nuclear

LXR levels, LXR responsive element (LXRE)-immobilized

ELISA was carried out as shown in Fig. 1c. As expected,

the ELISA assay showed that nuclear extracts treated with

25HC3S decreased their LXRE-binding activities, while

nuclear extracts treated with 25HC increased their LXRE-

binding activities, both in a concentration-dependent

manner (P \ 0.01) (Fig. 1c).

Effects of 25HC3S and 25HC on LXR and SREBP

Target Gene Expression

To determine the effects of 25HC3S and 25HC on LXR

activities, total RNA was isolated from primary rat hepa-

tocytes treated for 6 h. Real-time RT-PCR was used to

determine the mRNA levels of LXR responsive genes,

SREBP-1, ABCA1, and ABCG5; SREBP-1 responsive

genes, FAS and ACC1; and SREBP-2 responsive genes,

HMGR and LDLR. As shown in Fig. 2, there were sig-

nificant decreases in SREBP-1, ACC1, FAS, SREBP-2,

HMGR, and LDLR mRNA levels following 25HC3S

treatment and increases in ABCA1, ABCG5, FAS, and

ACC1 mRNA levels following 25HC addition to the cells

in culture. Interestingly, both 25HC3S and 25HC decreased

the levels of SREBP-2 mRNA and its responsive genes,

HMGR and LDLR. Western blot densitometry analysis

showed that 25HC increased nuclear SREBP-1, cytoplas-

mic FAS, and ACC1, while 25HC3S decreased nuclear

SREBP-1, cytoplasmic FAS, and ACC1 protein levels, as

shown in Fig. 3. Similar results were observed in HepG2

cells (data not shown). These results are consistent with the

mRNA data in Fig. 2.

Effects of 25HC3S and 25HC on Intracellular and Total

Cellular Lipid Levels in Primary Rat Hepatocytes

and HepG2 Cells

To examine the intracellular lipid levels, total neutral lipids

were examined by Oil Red-O staining. As shown in

Fig. 2(A) in Supplemental Online Materials, 25HC3S sig-

nificantly decreased the intracellular neutral lipid levels in

HepG2 and primary rat hepatocytes. Biochemical quanti-

tative analysis showed that addition of 6 lM 25HC3S

decreased cellular total cholesterol (48 lg/mg protein) by

40%, free cholesterol (30 lg/mg protein) by 50%,

triglyceride (150 lg/mg protein) by 25%, and free fatty

acids (4.8 lg/mg protein) by 40%, compared to control

cells as shown in Fig. 4. In contrast, 25HC increased free

fatty acid levels, slightly decreased total cholesterol and

triglycerides, and did not affect free cholesterol levels.

These results are consistent with those from mRNA and

protein analysis. 25HC3S decreases nuclear LXR and
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Fig. 1 Effects of 25HC3S and

25HC on nuclear LXR protein

levels. The nuclear LXR protein

levels in the treated PRH with

25HC or 25HC3S at the

different times (a) and at

different concentration points

(b). Each positive band was

quantified by the Image Data

Analyzer and normalized to

Lamin AC. The data represent

one typical blot of three separate

experiments. The LXR

transcription factor-binding

activities in the treated HepG2

with 25HC3S or 25HC were

determined by the ELISA (c).

Each value represents the mean

of triplicate determination ±SD.

Asterisk represents statistical

significance (P \ 0.05)
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Fig. 2 Effects of 25HC3S and 25HC on the expression of LXR and

SREBP target genes at mRNA levels. Following the treatment of PRH

cells with 25HC3S or 25HC at the indicated concentrations for 6 h,

effects of 25HC3S and 25HC on the expression of LXR target genes

(left); SREBP-1 target genes (middle); SREBP-2 target genes (right)
were determined by real-time RT-PCR analysis. Each value repre-

sents the mean of triplicate determinations ±SD. Symbol asterisk
represents statistically significance (P \ 0.05)
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Fig. 3 Effects of 25HC3S and 25HC on the expression of SREBP-1,

ABCA1, FAS and ACC1 at protein levels. Following the treatment of

PRH cells with 25HC3S or 25HC at the indicated concentrations,

nuclear SREBP-1 protein levels after 6 h treatment and cytoplasmic

ABCA1, FAS and ACC1 protein levels after 24 h treatment, were

determined by Western blot. Each positive band was quantified by the

Image Data Analyzer and normalized to Lamin AC or b-actin. Solid
circles represent 25HC treatments; open circles represent 25HC3S

treatments
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subsequently inhibits expression of SREBP-1 and its target

genes, while both 25HC3S and 25HC decrease SREBP-2

mRNA levels and its target gene expression (Figs. 2, 3).

Effects of 25HC3S and 25HC on Cell Proliferation

in HepG2 Cells

MTT reagent assay was used to study the effect of 25HC and

25HC3S on the cell viability. As shown in Fig. 2(B) in

Supplemental Online Materials, the percentages of relative

cell number after treatment for 48 h were not affected by

25HC3S and slightly decreased by 25HC. The difference in

cell viability between 25HC3S and control vehicle was not

significant, as previously reported [11]. These results indicate

that 25HC3S does not induce cell death and cytotoxicity.

Effects of 25HC3S and 25HC on Cytoplasmic IjBa
and Nuclear NFjB Levels in Primary Rat Hepatocytes

and HepG2 Cells

Both IjBa and NFjB play an important role in the inflam-

matory response pathway [22, 23]. To study the effects of
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Fig. 4 Effects of 25HC3S and 25HC on total cellular lipid levels in

HepG2 cells. HepG2 were treated with 25HC3S or 25HC at the

indicated concentrations in the presence of 20% FBS for 48 h, total

cellular lipids were extracted, and each individual lipid was chem-

ically analyzed and normalized by protein amount as described in

‘‘Materials and Methods.’’ Each value represents the mean of

triplicate determination ±SD
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Fig. 5 Effects of 25HC3S and 25HC on expression of IjBa protein

levels in cytoplasmic extracts and NFjB protein levels in nuclear

extracts in HepG2 cells. Effects of 25HC3S and 25HC on IjBa
protein levels (a) in cytoplasm and NFjB protein in nuclei (b) were

analyzed by Western blot. Effects of 25HC3S and 25HC on NFjB

promoter reporter gene activities were determined by luciferase

activity assay and normalized by the amount of phRG-TK luciferase

activity. HepG2 cells were cotransfected with pGL3-NFjB-dependent

reporter gene-Luc and phRG-TK vector for 24 h, and treated with the

indicated concentrations of 25HC3S or 25HC for another 24 h (c), or

further stimulated with the 100 ng/ml of human TNFa for 6 h (d).

The data represent the mean of triplicate determinations ±SD.

Symbol asterisk represents statistically significance (P \ 0.05) com-

pared with TNFa treatment
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25HC3S and 25HC on the inflammatory response, the

cytoplasmic and nuclear proteins were extracted from the

treated HepG2 cells (Fig. 5) and primary rat hepatocytes

(Fig. 3 in Supplemental Online Material). The protein levels

of IjBa in the cytoplasmic fractions and NFjB in the

nuclear fractions were determined by Western blot analysis.

Addition of 25HC decreased cytoplasmic IjBa and

increased nuclear NFjB levels, while 25HC3S increased

cytoplasmic IjBa and decreased nuclear NFjB levels in a

concentration-dependent manner (Fig. 5a, b).

NFjB-dependent reporter gene assay showed that

treatment with 25HC increased luciferase activity while

25HC3S decreased its activity in HepG2 cells (Fig. 5c). As

a positive control, treatment with TNFa increased lucifer-

ase activity by threefold. Interestingly, pretreatment with

25HC3S inhibited TNFa-induced increase in NFjB

reporter activity, while 25HC slightly increased the

reporter activity (Fig. 5d). The results indicate 25HC3S not

only blocks the NFjB nuclear translocation, but also

decreases NFjB promoter-binding activity.

Addition of 25HC3S Represses Inflammatory Response

Addition of TNFa significantly decreased IjBa protein

levels in the cytoplasm of HepG2 cells during 15–30-min

incubation. The ljBa levels had rebounded by 60 min as

shown in Fig. 6a. These results suggest that TNFa rapidly

increases IjBa degradation, and the lower levels of IjBa
feed back to stimulate its synthesis. The results are con-

sistent with the previously published mechanism [24, 25].

Thus, the 15-min incubation with TNFa was chosen for the

study of effects of 25HC3S and 25HC on the inflammatory

response. Pretreatment with 25HC3S significantly blocked

TNFa induced-decreases in IjBa levels in a concentration-

dependent manner in cytoplasmic fractions, while 25HC

further lowered IjBa levels as shown in Fig. 6b. Moreover,

pretreatment with 25HC further increased TNFa-induced

increases in nuclear NFjB levels. In contrast, 25HC3S

decreased TNFa-induced nuclear NFjB levels in a con-

centration-dependent manner as shown in Fig. 6c.

Immunohistochemical study using DAPI nuclear stain-

ing together with the NFjB antibody showed that NFjB

proteins were widely distributed in the cytoplasm and

nuclei of HepG2 cells (Fig. 7). Compared with control

cells treated with ethanol, treatment with 25HC increased

the nuclear NFjB fluorescence intensity and decreased the

intensity in the cytoplasm, which are similar with those

treated with TNFa. However, treatment with 25HC3S

decreased the nuclear intensity and blunted TNFa stimu-

lation. The results indicate that 25HC3S decreases NFjB
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Fig. 6 Effects of 25HC3S and

25HC on IjBa protein levels

and translocation of NFjB

protein induced by TNFa in

HepG2 cells. Cytoplasmic IjBa
protein and nuclear NFjB were

determined by Western blot

after HepG2 cells were treated

with 100 ng/ml of human TNFa
for different times (a) or

stimulated with TNFa for

15 min in the pre-treated cells

with 25HC3S or 25HC at the

indicated concentration for 8 h

(b, c). The data represent the

mean ± SD of three repeat

experiments. Symbol asterisk
represents statistical

significance (P \ 0.05)
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levels in the nuclei by increasing cytoplasmic IjBa levels

and decreasing NFjB nuclear translocation.

TNFa increased expression of pro-cytokines including

TNFa by 200 fold, IL-8 by 100 fold, NFjB by 4 fold, TRAF1

by 10 fold, IL-1b by 10 fold, and IjBa 9 fold, which are

similar with those previously reported [22, 23]. Consis-

tently, pretreatment of 25HC3S repressed the TNF-induced

expression of NFjB, IL-8, TRAF1, and TNFa in HepG2

cells as shown in Fig. 8.

Discussion

We previously reported that 25HC and 25HC3S appear to

function as agonist and antagonist of nuclear receptor LXR

in macrophages [12]. 25HC sulfation links the regulation of

cholesterol metabolism with fatty acid biosynthesis via

LXR signaling pathway. LXRs present in two forms, LXRa
and LXRb. LXRa is restricted to the liver, adipose tissue,

and macrophage, whereas LXRb is ubiquitously expressed.

Hepatic lipogenic activity of LXRs is predominantly under

control of LXRa, although the oxysterols can activate both

forms of LXRs [26–28]. Based on our results, we are

assuming that most of the response LXR protein was LXRa
since 25HC3S significantly decreased SREBP-1 and FAS.

However, the results from Cayman Chemical LXRb assay

(Fig. 1c) indicate that 25HC3S decreases nuclear LXRb
protein levels, too. We concluded that 25HC3S represses

both LXRa and LXRb activities. When intracellular cho-

lesterol levels increase, cholesterol can be delivered to

mitochondria and metabolized to oxysterols, including

25-hydroxycholesterol (25HC) and 27-hydroxycholesterol

(27HC) by CYP27A1 [9]. The oxysterols can in turn

activate LXRs and subsequently regulate expression of

DAPI NFκB MERGE

25HC

25HC3S

Cont

TNFα

25HC3S
TNFα

20 μm20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm 20 μm

20 μm20 μm

20 μm 20 μm

20 μm 20 μm

20 μm20 μm

DICFig. 7 Effects of 25HC3S and

25HC on NFjB translocation

and 25HC3S on the TNFa-

stimulated NFjB translocation

into the nuclei in HepG2.

Intracellular distribution of

NFjB protein in HepG2 cells

was analyzed by confocal

microscopy. The left panel

shows nuclear staining (blue);

the middle left panel shows

the localization of NFjB with

the monoclonal antibody (red);

the middle right panel shows a

differential interference contrast

(DIC) image; the right panel

shows the merged image

obtained by superimposing the

three images mentioned above.

The data represent randomly

selected pictures as described in

‘‘Materials and Methods’’

Lipids (2010) 45:821–832 829

123



their targeting genes, which are involved in cholesterol

metabolism, cholesterol efflux, and cholesterol uptake

[2, 4, 29, 30]. On the other hand, we have shown that

oxysterols such as 25HC also increase the gene expression

involved in fatty acid biosynthesis, which may decrease

cholesterol biosynthesis via using acetyl CoA as a common

metabolic precursor. When the level of 25HC increases,

25HC can be further sulfated by SULT2B1b to 25HC3S

[9]. The present results show that 25HC3S inhibits LXR

activation, decreases SREBP-1 expression and activation,

and subsequently downregulates lipid biosynthetic path-

ways. Thus, the present results provide the evidence that

25HC3S and 25HC are potent regulators that link choles-

terol metabolism to fatty acid biosynthesis. 27-Hydroxy-

cholesterol 3-sulfate (27HC3S) has never been detected in

cells. Thus, whether 27-hydroxycholesterol can be sulfated

is unknown.

The role of oxysterols in inflammatory response is

controversial: some reports describe that oxysterols sup-

press the inflammatory response via the LXR signaling

pathway [15–18]. Oxysterols can activate LXRs and

subsequently repress a set of proinflammatory gene

expressions after stimulation with LPS and cytokines

[19, 31]. However, many other studies found that oxysterols

induce inflammatory response and oxidation [19, 32, 33].

For example, 25HC substantially increased LPS-induced

IL-1b mRNA expression and secretion in human mono-

cyte-derived macrophages. 25HC is also a potent inducer

of MCP-1, MIP-1b and IL-8 secretion in vitro [31, 34].

25HC treatment gives rise to a significant increase in NFjB

transcriptional activity, not only by affecting the IjB

degradation and the translocation of p65/NFjB to the

nucleus, but also by regulating the p65/NFjB transactiva-

tion [35]. 25HC also induces inflammation and oxidation

through inducing slight mitochondrial dysfunctions and

increasing reactive oxygen species (ROS) [35]. The present

study shows that 25HC decreases cytoplasmic IjBa and

increases nuclear NFjB levels following TNFa stimulation

in hepatocytes. In contrast, 25HC3S increases the IjBa
and decreases the nuclear NFjB levels. The results indicate

that 25HC and 25HC3S diametrically regulate the inflam-

matory response.
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Fig. 8 Effects of 25HC3S and

25HC on NFjB target gene

expression stimulated by human

TNFa in HepG2. Following the

stimulation of HepG2 cells with

100 ng/ml of human TNFa for

6 h in the pre-treatment with

25HC3S (solid bar) or 25HC

(open bar) at the indicated

concentration for 8 h, total

mRNA was extracted, and

NFjB target genes were

determined by real-time

RT-PCR analysis and were

normalized to GAPDH. The

graphs represent one of three

experiments. Each value

represents the mean of triplicate

determination ±SD. Asterisk
represents statistical

significance (P \ 0.05)

compared with TNFa treatment
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Accumulation of fatty acids, free cholesterol, or oxys-

terols is able to induce inflammatory responses. It is possi-

ble that all of these compounds play their roles in

pro-inflammatory responses respectively. We cannot rule

out specific response by each of the elements at the presence.

The important finding in the present study is that 25HC3S is

able to suppress TNFa-induced inflammatory response,

which is different from free cholesterol, fatty acids, or

oxysterols. Oxysterols are reported to play an important role

in both the lipid metabolism and inflammatory response

[18, 36–38]. However, the mechanism of the cross-talk

between lipid metabolism and inflammatory response has

not been fully understood. The present results that 25HC

(substrate) and 25HC3S (product) diametrically regulate

activities of key enzymes, receptors, and transporters by

interacting with two or more nuclear receptors implies the

physiological role of 25-hydroxycholesterol sulfation.

These results suggest that the oxysterol sulfation could be

another novel systematic regulatory pathway involved in

regulating lipid metabolism and inflammation.

It is noted that the concentrations we used for 25HC3S

are relatively high. The levels of endogenous 25HC3S are

very low. We barely detected the compound in human liver

tissues, 0.1 lg/g of liver tissues, by the LC/MS/MS system

[8]. This level can be substantially increased by overex-

pression of mitochondrial cholesterol delivery protein

(StAR), indicating a physiological significance. We have

tried to monitor 25HC3S levels following the addition of

25HC3S at the indicated concentrations in the macro-

phages but failed, indicating only a few of the molecules

are able to enter the cells because of its hydrophilic prop-

erties. The effective concentration would be much lower

than what we added in the experiments. 25HC3S was

discovered in hepatocyte nuclei following increasing

mitochondrial cholesterol delivery, indicating this com-

pound is initially synthesized in mitochondria and trans-

located to nuclei. We believe that 25HC3S functions as an

intracellular regulatory molecule via nuclear receptor(s)

rather than through plasma membrane receptor(s).
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Abstract Squalene hydroperoxide (SQ-OOH), the pri-

mary peroxidation product of squalene (SQ), accumulates at

the surface of sunlight-exposed human skin. There are

however only a few studies on the pathogenic actions (i.e.,

inflammatory stimuli) of SQ-OOH. Here, we evaluated

whether SQ-OOH induced inflammatory responses in

immortalized human keratinocytes (HaCaT). We found that

SQ-OOH caused an increase in the expression of inflam-

matory genes such as the interleukins as well as cycloox-

ygenase-2 (COX-2). In concordance with the upregulation

of COX-2 mRNA, SQ-OOH enhanced reactive oxygen

species generation, nuclear factor kappa B activation,

COX-2 protein expression, and prostaglandin E2 produc-

tion. Therefore, the pro-inflammatory effects of SQ-OOH

may be mediated in part via COX-2. On the other hand,

c-tocotrienol (c-T3, an unsaturated form of vitamin E) was

found to ameliorate the SQ-OOH actions. These results

suggest that SQ-OOH induces inflammatory responses in

HaCaT, implying that SQ-OOH plays an important role in

inflammatory skin disorders. As a preventive strategy,

inflammation could be reduced via the use of c-T3.

Keywords Cyclooxygenase-2 � Inflammatory skin

diseases � Squalene hydroperoxide � c-Tocotrienol

Abbreviations

COX-2 Cyclooxygenase-2

DCDHF 2,7-Dichlorodihydrofluorescein

DMEM Dulbecco’s modified Eagle medium

FBS Fetal bovine serum

HaCaT Human keratinocytes

IL Interleukin

iNOS Inducible nitric oxide synthase

NF-jB Nuclear factor kappa B

PGE2 Prostaglandin E2

SQ Squalene

SQ-OOH Squalene hydroperoxide

ROS Reactive oxygen species

T3 Tocotrienol

TNF-a Tumor necrosis factor-a
UV Ultraviolet

Introduction

By virtue of covering the entirety of the body, human skin

is the largest of the human organs. The skin surface con-

tains secretions from the sebaceous gland, which consist

mainly of squalene (SQ; Fig. 1), triacylglycerol, wax

esters, and sterols [1]. When skin is exposed to sunlight

including ultraviolet (UV) light [2, 3], peroxidation of the

skin surface lipids can occur.

Previously, we have established methods for the sensitive

and selective determination of lipid hydroperoxides [4–8],

and have discovered that SQ hydroperoxide (SQ-OOH;
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Fig. 1) is produced in human skin [9, 10], which suggests

that skin SQ may be the principal lipid photooxidation

target. In support of this supposition, there have been an

increasing number of studies concerning skin SQ-OOH

production due to sunlight or UV exposure [11–13]. For

instance, we recently reported that the concentration of

SQ-OOH in normal forehead skin was about 1,000 lg/g

skin lipids, which increased to 2,800 lg/g skin lipids after

3 h of sunlight exposure [14].

As increasing evidence of skin SQ-OOH has emerged, it

has become implicated in the pathogenesis of skin altera-

tions (e.g., sunburn and acne) [15–20]. A recent cell culture

study using keratinocytes [21] suggested possible mecha-

nisms for the pathogenic actions of SQ-OOH, which

include the activation of nuclear factor kappa B (NF-jB)

and the production of inflammatory interleukin (IL)-6.

The study [21] provided some understanding of the role

of SQ-OOH in the development of inflammatory skin

diseases, although it had some weaknesses due to the lack

of data concerning other inflammatory mediators [e.g.,

cxyclooxygenase-2 (COX-2)] as well as the uncertainty of

the crude SQ-OOH used as the test compound. Other

possible oxidation products in the crude SQ-OOH could

have been responsible for intervention effects during the

physiological evaluation of SQ-OOH. Therefore, the

inflammatory action of SQ-OOH needs to be further clar-

ified by the use of authentic, pure SQ-OOH.

On the other hand, as a preventive strategy against skin

inflammation, compounds that can ameliorate the actions

of SQ-OOH might be of therapeutic utility [22]. In the

present study, we hypothesized that tocotrienol (T3,

unsaturated vitamin E) could be a candidate to inhibit these

inflammatory actions because T3 accumulates in the skin

of animals fed a diet containing T3 [23, 24], and, besides

its physiological activities [25], T3 has been suggested to

provide skin protection against UV-induced inflammatory

damage in a rat study [26].

In this study, we prepared pure SQ-OOH and evaluated

the effect of SQ-OOH, either alone or with c-T3 (a repre-

sentative T3 isomer found in natural sources such as rice

bran [27]; Fig. 1d), on various inflammatory mediators in a

cell culture of human keratinocytes (HaCaT) [28].

Materials and Methods

Materials

SQ-OOH was prepared from SQ by our previously

described method [14]. The SQ-OOH had high purity
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Fig. 1 SQ-OOH and c-T3. For preparation of SQ-OOH, SQ

(100 mg) was dissolved in 50 mL of ethanol (containing 0.01 mg/

mL Rose Bengal as a sensitizer), and was photooxidized with a

100 W tungsten lamp at 4 �C for 6 h. From the photooxidation

products, SQ-OOH was chromatographically purified. To evaluate

purity, the isolated SQ-OOH was subjected to high-performance

liquid chromatography coupled to UV, mass spectrometry, or tandem

mass spectrometry, and NMR. Analytical conditions were the same as

those described in our previous study [14]. From the data [e.g., MS

spectrum (a) and UV chromatogram (b)], the SQ-OOH was

considered to be a pure mixture of six isomers (2-OOH-SQ,

3-OOH-SQ, 6-OOH-SQ, 7-OOH-SQ, 10-OOH-SQ, and 11-OOH-SQ)

(c). Percentages of the SQ-OOH isomers were 19 mol% 2-OOH-SQ, 17

mol% 3-OOH-SQ, 24 mol% 6-OOH-SQ, 10 mol% 7-OOH-SQ, 13

mol% 10-OOH-SQ, and 17 mol% 11-OOH-SQ. The chemical structure

of c-T3 is shown in (d)
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([98% by high-performance liquid chromatography to

mass spectrometry), but was a mixture of six isomers dif-

fering in the position of the hydroperoxide group (Fig. 1).

c-T3 (purity [ 92%) was purchased from Chromadex

(Santa Ana, CA, USA). WST-1 reagent was obtained from

Dojindo Laboratories (Kumamoto, Japan). All other

reagents were of the highest grade commercially available.

Cells and Cultures

HaCaT were supplied by Prof. Norimichi Nakahata

(Graduate School of Pharmaceutical Sciences, Tohoku

University, Japan). The cells were cultured in Dulbecco’s

modified Eagle medium (DMEM) (Sigma, St. Louis, MO,

USA), supplemented with 10% fetal bovine serum (FBS)

(Dainippon Pharmaceutical, Osaka, Japan), 100 U/mL

penicillin, and 100 lg/mL of streptomycin (GIBCO,

Milan, Italy) at 37 �C in a humidified atmosphere of 95%

air and 5% CO2.

Preparation of the Experimental Media

SQ-OOH (or c-T3) was dissolved in ethanol at a concen-

tration of 50 lM. The solution was diluted with DMEM to

prepare the experimental medium. The experimental

medium contained 0.1% FBS and 0.5–5.0 lM SQ-OOH,

either alone or together with 0.1–1.0 lM c-T3. The con-

centration of ethanol in the experimental medium was up to

0.1%, which did not affect cell viability. Similarly, media

containing only vehicle (0.1% ethanol) or SQ (0.5–5.0 lM)

were prepared.

RNA Extraction

HaCaT (1 9 106 cells/60-mm dish) were preincubated in

0.1% FBS/DMEM for 24 h, and then the medium was

changed to the experimental medium. After incubation for

3 h, total RNA was isolated with an RNeasy plus Mini kit

(Qiagen, Valencia, CA, USA) for the real-time quantitative

reverse transcriptase-PCR (RT-PCR) assay. The amount of

total RNA was spectrophotometrically determined at 260

and 280 nm. RNA integrity was confirmed by visualizing

intact 28S and 18S ribosomal RNA on formaldehyde

denaturing agarose gel.

Real-Time RT-PCR Assay

For the real-time RT-PCR assay using a DNA Engine

Opticon 2 System (MJ Research, Waltham, MA, USA),

cDNA was synthesized from the total RNA using a Ready-

To-Go T-Primed First-Strand Kit (Amersham Pharmacia

Biotech, NJ, USA). The cDNA was subjected to PCR

amplification using a SYBR Premix Ex Taq (Takara Bio,

Shiga, Japan) and gene specific primers for IL-1b, IL-6,

IL-8, tumor necrosis factor-a (TNF-a), COX-2, and

b-actin. Sequences of the PCR primers for each gene are

outlined in Table 1. Melt curve analysis was performed

following each PCR reaction to confirm the presence of a

single reaction product. In addition, representative PCR

products were subjected to electrophoresis on a 2.0%

agarose gel to verify that a single band was present. The

ratio between the mRNA content of b-actin and each gene

was defined as the normalization factor.

Cell Viability

Cell viability was evaluated by WST-1 assay [29]. WST-1

is a tetrazolium salt that is converted into a soluble for-

mazan salt by succinate-tetrazolium reductase in the

respiratory chain of active mitochondria in proliferating,

viable cells. The amount of formazan produced is directly

proportional to the number of viable cells. HaCaT (1 9 104

cells/well) were preincubated in 0.1% FBS/DMEM in 96-

well plates for 24 h, and then the medium was changed to

Table 1 Primer sequences for

cDNA amplification of selected

genes

Gene GenBank accession number Sequence

IL-1b NM_000576 Forward 50-CCAGGGACAGGATATGGAGCA-30

Reverse 50-TTCAACACGCAGGACAGGTACAG-30

IL-6 NM_000600 Forward 50-AAGCCAGAGCTGTGCAGATGAGTA-30

Reverse 50-TGTCCTGCAGCCACTGGTTC-30

IL-8 NM_000584 Forward 50-ACACTGCGCCAACACAGAAATTA-30

Reverse 50-TTTGCTTGAAGTTTCACTGGCATC-30

TNF-a NM_000594 Forward 50-GACAAGCCTGTAGCCCATGTTGTA-30

Reverse 50-CAGCCTTGGCCCTTGAAGA-30

COX-2 NM_000963 Forward 50-TGAGCATCTACGGTTTGCTG-30

Reverse 50-TGCTTGTCTGGAACAACTGC-30

b-Actin NM_001101 Forward 50-TGGCACCCAGCACAATGAA-30

Reverse 50-CTAAGTCATAGTCCGCCTAGAAGCA-30
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the experimental medium. After incubation for 3 and 24 h,

10 lL of WST-1 solution was added to each well and was

incubated at 37 �C for 3 h. Cell viability was estimated by

measuring the absorbance (450/655 nm) of the medium

using a microplate reader (Model 550, Bio-Rad, Tokyo,

Japan).

Evaluation of Reactive Oxygen Species

The generation of intracellular reactive oxygen species

(ROS) was evaluated using the fluorescent dye 2,

7-dichlorodihydrofluorescein (DCDHF) diacetate (Cayman

Chemicals, Ann Arbor, MI, USA) [30]. ROS in cells cause

oxidation of DCDHF diacetate, yielding the fluorescent

product 2,7-dichlorofluorescein. HaCaT (1 9 104 cells)

were preincubated in 0.1% FBS/DMEM in 96-well plates

for 24 h, and then the medium was changed to the exper-

imental medium. After incubation for 3 h, the medium was

changed to fresh DMEM containing 10 lM DCDHF

diacetate, followed by incubation for 30 min. The cells

were washed with HBSS, and fluorescence intensity was

determined using a GENios Plus Multi-Detection Micro-

plate Reader with enhanced fluorescence (Tecan Inc.,

Research Triangle Park, NC, Switzerland) at an excitation

wavelength of 485 nm and an emission wavelength of

535 nm.

Electrophoretic Mobility Shift Assays

HaCaT (1 9 106 cells/60 mm dish) were preincubated in

0.1% FBS/DMEM for 24 h, and then the medium was

replaced with the experimental medium. After 2 h incu-

bation, the nuclear fraction of HaCaT cells was extracted

and then applied to an electrophoretic mobility shift assay

as described previously [31]. Briefly, the nuclear fraction

was incubated with 32P-end-labeled NF-jB oligonucleo-

tides. The DNA-protein complex was separated from the

unbound DNA probe in native 6% polyacrylamide gel at

150 V in 0.5% Tris–Boric acid EDTA (TBE) buffer. After

electrophoresis, the gels were dried and visualized by

autoradiography.

Western Blot Analysis

HaCaT (2 9 106 cells) were preincubated in 0.1% FBS/

DMEM for 24 h, and then the medium was changed to the

experimental medium. After incubation for 24 h, cellular

proteins were prepared from the cells as previously

described [32]. The cellular proteins (60 lg/well) were

separated by sodium dodecyl sulphate polyacrylamide gel

electrophoresis (SDS-PAGE, 4–20% e-PAGEL, Atto,

Tokyo, Japan). The protein bands were then transferred to

polyvinylidine fluoride membranes (Amersham Pharmacia

Biotech). After blocking nonspecific sites, the membrane

was probed with primary antibodies, followed by a horse-

radish peroxidase-conjugated secondary antibody (Cell

signaling Technology, Beverly, MA, USA). The detection

of antibody reactions was performed with ECL Plus

Western blotting reagents (Amersham Pharmacia Biotech).

The antibodies used were anti-COX-2 (IBL, Takasaki,

Japan), anti-inducible nitric oxide synthase (iNOS, BD

Transduction Laboratories, San Diego, CA, USA), and

anti-b-actin (Cell signaling Technology). Band intensities

were evaluated by densitometry.

Enzyme-Linked Immunosorbent Assay

HaCaT (1 9 104 cells) were preincubated in 0.1% FBS/

DMEM for 24 h, and then the medium was changed to the

experimental medium. After incubation for 24 h, the con-

ditioned medium was used to measure the levels of pros-

taglandin E2 (PGE2) using a commercial enzyme-linked

immunosorbent assay (ELISA) kit (R&D Systems, Min-

neapolis, MN, USA), according to the manufacturer’s

instructions. The results were normalized to the number of

cells per well.

Statistical Analysis

The data are expressed as means ± standard deviation

(SD). We performed statistical analysis using ANOVA,

followed by the Bonferroni/Dunn test for multiple com-

parisons among several groups. Differences were consid-

ered significant at P \ 0.05.

Results

SQ-OOH Induces Expression of Inflammatory

Mediator Genes in HaCaT Keratinocytes

Using the synthetic, purified SQ-OOH (Fig. 1), we

observed upregulation of inflammatory mediator genes

(IL-1b, IL-6, IL-8, TNF-a, and COX-2) in HaCaT treated

with 5.0 lM SQ-OOH as compared to the gene levels of

vehicle control or SQ treatment (Fig. 2). In the dose range

employed (0.5–5.0 lM SQ-OOH; a range expected to

encompass the physiological concentration encountered in

human skin [14]), SQ-OOH did not affect cell viability

(Fig. 3). Thus, it is conceivable that SQ-OOH at certain

concentrations can lead to changes in the expression of

HaCaT inflammatory genes (especially, IL-8 and COX-2)

without affecting cell viability. Since the upregulation of

COX-2 by SQ-OOH had not been previously reported, this

was further evaluated in the following study.
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COX-2 is Involved in the Inflammatory Effect

of SQ-OOH in HaCaT Keratinocytes

In accordance with the upregulation of COX-2 mRNA

(Fig. 2), 5.0 lM SQ-OOH enhanced ROS generation,

NF-jB activation, COX-2 protein expression, and PGE2

production (Fig. 4). In addition to COX-2, an NF-jB-

regulated protein (iNOS) was evaluated, but SQ-OOH had

no effect on iNOS (Fig. 4). These results suggest that the

pro-inflammatory effect of SQ-OOH is due in part to

COX-2 expression through ROS generation and NF-jB

activation.

c-T3 Attenuates Inflammatory Effects of SQ-OOH

in HaCaT Keratinocytes

c-T3 (1.0 lM) attenuated SQ-OOH (5.0 lM) induced ROS

generation, NF-jB activation, COX-2 mRNA expression,
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and PGE2 production nearly to basal levels (Figs. 2, 4).

Also, SQ-OOH induced COX-2 protein expression was

moderately decreased (P = 0.09) by c-T3 (1.0 lM) treat-

ment. No meaningful differences in cell viability were

found between cells treated with SQ-OOH alone or in

combination with c-T3 (Fig. 3). These results suggest a

possible anti-inflammatory effect for c-T3 by its ability to

reduce SQ-OOH-induced ROS and inflammatory media-

tors (i.e., COX-2).

Discussion

Squalene, a component of human sebum normally absent in

other primates [33], comprises 11–13% of the total skin

surface lipids in human adults, and its highest concentra-

tions are found in the chest and forehead [34, 35]. Because

of the high distribution of SQ in skin and its tendency to

undergo photooxidation [9–14], there has been interest in

possible pathogenic actions of skin SQ-OOH.
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In previous studies (mainly in vitro) evaluating potential

pathogenic roles for SQ-OOH, researchers prepared SQ-OOH

by subjecting SQ to UV exposure or photooxidation [17–21].

Such SQ-OOH preparations often cause excessive SQ per-

oxidation, yielding unwanted dihydroperoxide, trihydroper-

oxide, epoxide, ketone, and/or aldehyde products [18]. In

many of these cases, the crude (or partly purified) SQ-OOH

was subsequently used as a test mixture to evaluate patho-

genic actions (e.g., inflammatory effect [21]). Thus, it would

be difficult to definitively attribute any observed effects to

specifically SQ-OOH. In the present study, SQ was subjected

to photooxidation, and the SQ-OOH was chromatographi-

cally purified (Fig. 1). The purified SQ-OOH was a mixture of

six isomers and did not contain other oxidation products.

Since the purified SQ-OOH free from other oxidation prod-

ucts could induce inflammatory responses in HaCaT,

SQ-OOH, and not other oxidation products, was deemed to

play a principal role in inflammatory skin diseases.

Ottaviani et al. [21] were the first to report IL-6 pro-

duction in HaCaT treated with SQ-OOH. However, an

effect of SQ-OOH on other inflammatory mediators such as

COX-2 remained unclear. We therefore aimed to evaluate

the effect of SQ-OOH on various inflammatory mediators

(IL-1b, IL-6, IL-8, TNF-a, and COX-2). We found that

SQ-OOH caused significantly changes in the expression of

these inflammatory genes in HaCaT (Fig. 2). Because

SQ-OOH appeared to significantly impact the expression of

IL-8 and COX-2 (Fig. 2), these two genes may play an

important role in keratinocyte inflammation. On the other

hand, some studies have shown a toxic effect of SQ-OOH

[20, 22], while one study reported a proliferative effect [21].

In this study, no inverse effect of SQ-OOH was observed on

cell viability (Fig. 3), which might be a reflection of the

relatively low dose of SQ-OOH used (0.5–5.0 lM).

To our knowledge, this is the first report that shows an

upregulation of COX-2 mRNA by SQ-OOH. COX-2 is one

of the most critical enzymes related to inflammation and is

required for the biosynthesis of PGE2 from arachidonic acid

[36]. PGE2 induces cutaneous inflammation and modulates

cellular immunity, which causes skin diseases such as

atopic dermatitis [37]. ROS induce COX-2 expression via

activation of the NF-jB signaling pathway [38, 39]. For

these reasons, we investigated ROS, NF-jB, COX-2, and

PGE2, and found that SQ-OOH induces ROS generation,

NF-jB activation, COX-2 protein expression, and PGE2

production (Fig. 4). It is therefore likely that SQ-OOH

generates ROS or affects the gene expression concerning

ROS production. ROS cause activation of NF-jB, and

activated NF-jB induces COX-2 expression, which result

in the initiation of inflammatory responses (e.g., PGE2

production) in HaCaT. In summary, the pro-inflammatory

effects of SQ-OOH may be due in part to COX-2 expression

through ROS generation and NF-jB activation. On the

other hand, unlike SQ-OOH, its reduced compound

(SQ-OH) as well as other hydroperoxides (e.g., phospho-

lipid hydroperoxides and hydrogen peroxide) (each 5 lM)

had little or no effect on COX-2 mRNA expression (data not

shown). This data implies that SQ-OOH plays an important

role in inflammatory skin conditions.

Our findings (Figs. 2, 4) also suggest SQ-OOH is a

potential therapeutic target for inflammatory skin diseases.

Because T3 is capable of accumulating in skin and com-

bating oxidative stress from UV or ozone in skin [23, 24,

40], we picked T3 from the array of available anti-oxidant

compounds and investigated its possible ameliorative

effect on SQ-OOH. T3 has recently received considerable

attention for its biological properties [41–44], and we have

previously found that T3 suppresses pathological angio-

genesis [32, 45], an important stage in the progression of

some disorders (i.e., diabetic retinopathy, rheumatoid

arthritis, and cancers). In this study, we found that c-T3

could attenuate SQ-OOH induced ROS generation, NF-jB

activation, COX-2 mRNA and protein expressions, and

PGE2 production (Figs. 2, 4). These results suggest a

possible anti-inflammatory effect for c-T3 that functions by

reducing SQ-OOH-induced ROS and inflammatory medi-

ators (i.e., COX-2). In support of this supposition, a pre-

vious study reported the ability of T3 to reduce COX-2

expression [46].

In conclusion, we have shown that SQ-OOH can induce

inflammatory responses in HaCaT, which would in part be

mediated via COX-2. On the other hand, other studies have

mentioned that UV irradiation at the cutaneous surface can

be trapped by SQ in the form of peroxidation products [15],

and the cutis is not directly damaged by UV irradiation,

which suggest that peroxidation of SQ has a functional,

protective role against UV irradiation on the cutaneous

surface. However, in this study, SQ-OOH acted as an

inflammatory stimulus, implying that excessive SQ per-

oxidation causes inflammatory effects. SQ-OOH could

therefore be considered a potential therapeutic target for

skin inflammatory disorders. From this perspective, c-T3

has potential use as a protective agent against skin diseases.
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Abstract People with inflammatory bowel disease (IBD)

are at risk for developing colorectal cancer, and this risk

increases at a rate of 1% per year after 8–10 years of

having the disease. Saturated and x-6 polyunsaturated fatty

acids (PUFAs) have been implicated in its causation.

Conversely, x-3 PUFAs may have the potential to confer

therapeutic benefit. Since proton magnetic resonance

spectroscopy (1H MRS) combined with pattern recognition

methods could be a valuable adjunct to histology, the

objective of this study was to analyze the potential of 1H

MRS in assessing the effect of dietary fatty acids on

colonic inflammation. Forty male Sprague-Dawley rats

were administered one of the following dietary regimens

for 2 weeks: low-fat corn oil (x-6), high-fat corn oil (x-6),

high-fat flaxseed oil (x-3) or high-fat beef tallow (saturated

fatty acids). Half of the animals were fed 2% carrageenan

to induce colonic inflammation similar to IBD. 1H MRS

and histology were performed on ex vivo colonic samples,

and the 1H MR spectra were analyzed using a statistical

classification strategy (SCS). The histological and/or MRS

studies revealed that different dietary fatty acids modulate

colonic inflammation differently, with high-fat corn oil

being the most inflammatory and high-fat flaxseed oil the

least inflammatory. 1H MRS is capable of identifying the

biochemical changes in the colonic tissue as a result of

inflammation, and when combined with SCS, this tech-

nique accurately differentiated the inflamed colonic

mucosa based on the severity of the inflammation. This

indicates that MRS could serve as a valuable adjunct to

histology in accurately assessing colonic inflammation.

Our data also suggest that both the type and the amount of

fatty acids in the diet are critical in modulating IBD.

Keywords Beef tallow � Corn oil � Flaxseed oil �
Inflammatory bowel disease � Proton magnetic resonance

spectroscopy � Statistical classification strategy

Abbreviations

FID Free induction decay

GA_ORS Genetic-algorithm-based optimal

region selection

GC Gas chromatography

H&E Hematoxylin and eosin

HFB High-fat beef tallow

HFC High-fat corn oil

HFF High-fat flaxseed oil

HPLC High-performance liquid chromatography

HR MAS High-resolution magic angle spinning

IBD Inflammatory bowel disease

LDA Linear discriminant analysis

LFC Low-fat corn oil

S. Varma � B. Dolenko � O. B. Ijare � T. Bezabeh (&)

National Research Council Institute for Biodiagnostics,

435 Ellice Ave., Winnipeg, MB R3B 1Y6, Canada

e-mail: tedros.bezabeh@nrc-cnrc.gc.ca

S. Varma � M. N. A. Eskin � T. Bezabeh

Department of Human Nutritional Sciences,

University of Manitoba, Winnipeg, MB, Canada

R. Bird

Department of Biological Sciences,

University of Windsor, Windsor, ON, Canada

J. Raju

Department of Biology, University of Waterloo,

Waterloo, ON, Canada

Present Address:
S. Varma

Department of Pathology and Molecular Medicine,

Queen’s University, Kingston, ON, Canada

123

Lipids (2010) 45:843–854

DOI 10.1007/s11745-010-3455-7



LT Leukotriene

MRS Magnetic resonance spectroscopy

PAF Platelet activating factor

PBS/D2O Phosphate-buffered saline in deuterium oxide

PUFA Polyunsaturated fatty acids

SCS Statistical classification strategy

TSP 3-Trimethylsilylpropionic acid-d4 sodium salt

List of symbols

Gamma c
Omega x
Proton 1H

Introduction

Inflammatory bowel disease (IBD) is a very common con-

dition in industrialized countries, including North America.

It is estimated that about 1.4 million people in the US and

2.2 million people in Europe suffer from IBD [1]. The exact

cause and pathogenesis of IBD are not known; however, the

interplay of genetic, environmental and immune factors is

considered to be involved in its causation. Many epidemi-

ological and experimental studies have pointed out that

there is a strong connection between diet and IBD. A diet

that is particularly rich in x-6 fatty acids and saturated fats

is one of the major environmental factors implicated in the

etiology of IBD [2]. Conversely, x-3 polyunsaturated fatty

acids (PUFAs) have been considered to be partially ago-

nistic compared to x-6 PUFAs and may confer therapeutic

benefit in IBD [3, 4]. IBD is not a point event; it is a con-

tinuum of a disease process with remitting and relapsing

course. People with long-standing IBD have a significant

risk of developing colorectal cancer, and this risk increases

at the rate of 1% per year after 8–10 years of the disease [5].

As such, early diagnosis and intervention can help prevent

the progression of IBD to colon cancer. Currently, the data

from experimental or randomized trials on the benefits of

pharmacologic or dietary intervention on this window

between IBD and colon cancer are very limited.

Presently, colonoscopy with biopsy of grossly inflamed

and random parts of the colon is the gold standard for

diagnosing IBD. However, it is known that in the diseased

state, biochemical and physiological changes precede the

histological manifestations of the disease, and as such,

the technique exploiting metabolic abnormalities may be

suitable to aid in early diagnosis. One such technique

that can provide extensive biochemical information from

tissue samples is proton magnetic resonance spectroscopy

(1H MRS) [6, 7]. MRS makes use of magnetic properties

of atomic nuclei and provides information about the

molecular structures of biochemicals/biomolecules. It is

non-destructive, quantitative and highly reproducible. It

has been utilized in lipid analysis of intact tissues and their

aqueous/organic extracts as well as dietary fats due to its

unique advantage in differentiating various lipid classes

without the need for any chemical modification [8–11]. It

has been used as an alternative to conventional techniques

such as gas chromatography (GC) and/or high-performance

liquid chromatography (HPLC) for the analysis of lipids

from various biological specimens and dietary fats [8, 11].

It has been shown that the accuracy of MRS-based lipid

analysis is comparable to that of GC and/or HPLC [9].

Although recent developments in MRS technology, such as

high-resolution magic angle spinning (HR MAS), have

greatly simplified the spectral data obtained from tissues/

biopsied samples, the spectra are still very complex and

require specialized methods for thorough data analysis

[12]. The pattern recognition methods have proven to be

valuable in the classification of biomedical data. These

methods are being used in discriminating data obtained

from humans and laboratory animals in pathologic and

healthy states and have shown diagnostic value [13, 14]. In

this study, we are using a statistical classification strategy

(SCS)—a pattern recognition methodology developed

in-house—for the data analysis. SCS methodology has

been used for the classification of MRS data in biomedical

applications [15, 16]. The study is based on the hypothesis

that various dietary fatty acids modulate colonic inflam-

mation differently and that 1H MRS combined with SCS

methodology has the potential to detect changes in the

colonic metabolite profile induced by these dietary fatty

acids.

Materials and Methods

Forty 3–4-week-old male Sprague-Dawley rats (Charles

River, Canada) were used for this study. The rats were kept

on a basic laboratory chow for 2 weeks before starting the

study. For the 2-week duration of the study, the animals

were divided into two major groups with 20 animals in

each group. The animals in both groups were further

divided into four subgroups (five animals in each subgroup)

depending upon the composition of fatty acids in their diet.

Low-fat corn oil (LFC) subgroup animals received an AIN

76A diet containing 5% corn oil; the high-fat corn oil

(HFC) subgroup received 23% corn oil; the high-fat flax-

seed oil (HFF) subgroup animals received 14% corn oil

with 9% flaxseed oil; the high-fat beef tallow (HFB) sub-

group received 5% corn oil with 18% beef tallow. The

detailed composition of the diet mixture for each subgroup

is provided in Table 1. The amount of cellulose (as Cel-

lufil), vitamin mix, mineral mix and casein in the diet was

adjusted to ensure that animals were fed isocaloric diets. In

addition, all the animals in group 1 were fed with 2%
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carrageenan in their diet for the entire 2-week period of the

study. Carrageenan is an extract of red seaweed and has

been shown to cause colon-specific inflammation. The

animals in group 2, however, were not fed with carra-

geenan. The grouping of animals is schematically depicted

in Fig. 1. Table 2 lists the detailed percent fatty acid

composition of the different diet groups.

All the animal housing, specialized feeding and sample

collection procedures were undertaken at the animal facility

in the Department of Biology, University of Waterloo. At

the end of 2 weeks, the animals were euthanized using the

CO2 asphyxiation method. This project was approved by the

animal care committee at the Institute for Biodiagnostics,

National Research Council of Canada and the University of

Waterloo. The colon of each animal was excised after

euthanizing the animal. The mucosal layer of the colon was

scraped off using a glass slide by the method previously

described by Briere et al. [17]. The mucosal samples were

coded and stored in cryovials containing phosphate-buffered

saline in deuterium oxide (PBS/D2O) medium at -70�C.

These coded cryovials were shipped on dry ice to the

National Research Council of Canada, Winnipeg, for MRS

and histological assessment.

1H MRS Analysis

One-Dimensional Experiments

For 1H MRS experiments, the samples were thawed and cut

into 5–7-mm-long pieces along the longitudinal axis of the

colon. This yielded 18–20 samples from each animal. 1H

MRS was conducted on alternate samples from each animal.

Thus, a total of 119 spectra from group 1 and 127 spectra

from group 2 were generated for our study. Each piece from

the colon was counted as an independent observation for

both MR analysis and histology. This was done as it is

known that IBD can be very focal and does not involve all

the parts of the colon in a consistent manner. This holds true

in the clinical setting too as not all of the biopsies taken

during a single colonoscopy at a single point of time show

IBD-related changes. As we were comparing MR spectra

from each piece with the histology of that piece, we found it

more appropriate to compare the pieces as separate samples

rather than group them together per animal.

The sample preparation technique used for conducting
1H MRS was similar to the technique described by Kuesel

et al. [18]. Briefly, the colon sample was placed in a glass

Table 1 Detailed composition of the diets fed to animals in each

group (g/kg of the diet)

Ingredients LFC HFC HFF HFB

Corn starch 520 337.5 337.5 337.5

Casein 200 230 230 230

Dextrose 130 85.2 85.2 85.2

Cellufil 50 59 59 59

AIN-76 mineral mix 35 41.1 41.1 41.1

AIN-76 vitamin mix 10 11.3 11.3 11.3

Methionine 3 3 3 3

Choline bitartarate 2 2.4 2.4 2.4

Corn oil 50 230 140 50

Flaxseed oil 0 0 90 0

Beef tallow 0 0 0 180

LFC low-fat corn oil, HFC high-fat corn oil, HFF high-fat flaxseed

oil, HFB high-fat beef tallow

Fig. 1 Schematic diagram

showing the grouping of the

animals into various study

groups
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capillary tube filled with PBS/D2O with one end plugged.

This capillary was inserted into the NMR tube containing

300 ll of PBS/D2O solution along with 5 ll of chemical

shift reference, 3-trimethylsilylpropionic acid-d4 sodium

salt (TSP). 1H MRS was conducted on these samples using

a Bruker Avance 360 MHz spectrometer at 25�C with pre-

saturation of the water signal. The acquisition parameters

included: 90� pulse at 9.30 ls, number of scans = 256,

spectral width = 4,990.02 Hz, relaxation delay = 3 s and

time domain data points = 8 k. The samples were fixed in

10% neutral buffered formalin immediately after 1H MRS

experiments for histological assessment. Since the experi-

mental time was only *16 min, and the spectra were

recorded without sample spinning, any mechanical damage

to the tissue should be precluded.

Two-Dimensional MRS Experiments

1H-1H correlated spectroscopy (COSY) experiments using

gradient pulses were performed on representative colon

mucosal samples to unambiguously identify the metabo-

lites whose signals were overlapping in one-dimensional

(1D) spectra or were present at very low concentration.

The acquisition parameters used were: spectral width =

4,990.02 Hz in both dimensions; time domain data

points = 2,048; number of free induction decays (FIDs)

with t1 increments = 256; relaxation delay = 1 s and

number of transients = 128. The resulting data were zero

filled to 1,024 points in the t1 dimension and Fourier

transformed along both dimensions after multiplying the

data by sine-bell window function shifted by p/2.

Gas Chromatography

Fatty acid composition of dietary fats used in this study

was analyzed by GC following the method described in

AOCS-Official methods and protocols [19]. In brief, sam-

ples of all dietary groups underwent fat extraction/evapo-

ration cycles using a mixture (1:1, v/v) of HPLC grade

chloroform and methanol (Fisher Scientific Limited,

Nepean, ON, Canada). Total amount of fat extracted from

each dietary lipid was weighed before GC analysis. To

50 ll of extracted fat, 1 ll isooctane containing an exact

amount of internal standard (C17: 1) and 12 ml 2% H2SO4

in methanol were added. The resulting mixture was heated

with vortex for 2 h at 65–70�C to obtain a monophase

system. After cooling to room temperature, 6 ml isooctane

and 6 ml distilled water were added, stirred and allowed to

stand. One milliliter of the upper clear layer of the esteri-

fied sample was subjected to automated GC analysis. In

addition to the internal standard, we also ran a mixture of

standard fatty acid methyl esters (Sigma Chemicals Co., St.

Louis, MO) to ensure that the fatty acids are identified

appropriately. The contribution of individual fatty acids to

the dietary fat was calculated with reference to the internal

standard.

Histology

Histology was performed on representative animals from

both groups 1 and 2, using the same tissue used for the

MRS experiment. Each sample was coded to avoid analysis

bias, fixed in 10% neutral buffered formalin and finally

embedded into paraffin blocks. The paraffin blocks were

cut into 5-lm-thin sections and collected on coated glass

slides. The sections were stained with hematoxylin and

eosin (H&E) stain and examined at 609 magnification

under a light microscope. Cellularity, crypt architecture

and fibrosis were the broad criteria used for grading

inflammation in the samples. Predominantly, the density of

lymphocytes (represented by an arrow in Fig. 3) within the

surface epithelium, lamina propria and invasion within the

crypt epithelium were considered when assessing increased

Table 2 Fatty acid composition of low-/high-fat corn oil, high-fat

flaxseed oil and high-fat beef tallow diets (expressed as % weight of

the total fat content)

Fatty acids LFC/HFC HFF HFB

C 10:0 0.066

C 12:0 0.067

C 14:0 0.041 0.044 1.882

C 14:1 0.268

C 15:0 0.02 0.292

C 16:0 10.817 8.482 21.830

C 16:1 0.111 0.091 1.833

C 17:0 0.084 0.082 0.945

C 18:0 1.872 2.693 16.995

C 18:1x9 29.131 25.295 34.182

C 18:1x11 0.584 0.577 1.420

C 18:2x6 55.282 39.259 18.343

C 18:3x6 0.029

C 18:3x3 0.958 22.401

C 20:0 0.491 0.434 0.336

C 20:1 0.278 0.240

C 20:2 0.039 0.036 0.177

C 20:3x4 0.067

C 20:3x3 0.026 0.028

C 20:4 0.105

C 22:0 0.165 0.152 0.075

C 22:4 0.057

C 22:5 0.050

C 22:6

C 24:0 0.199 0.163 0.505

Abbreviations are the same as in Table 1
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cellularity. Destruction of crypt architecture (represented

by a star in Fig. 3) by inflammatory cells and formation of

crypt abscess were assessed under architecture. Fibrosis

(represented by an arrowhead in Fig. 3) denoting chronic-

ity of the inflammatory process was also assessed. When

assessing each sample, these criteria were independently

assigned mild, moderate or severe grade, and then a com-

piled composite score was given to the sample. The degree

of inflammation was graded based on the proportion of the

total sample inflamed. If 30% or less of the total section

was inflamed, it was graded as mild. Sections having

30–60% inflammation were graded as moderate, and those

with over 60% inflamed area were graded as having severe

inflammation.

Statistical Classification Strategy

The statistical classification strategy (SCS) [16] is com-

prised of several stages, and depending on the data, some

or all of the stages may be invoked. We employed the

following stages:

Preprocessing

All spectra were subjected to normalization (scaling to unit

area), smoothing and peak alignment (with respect to the

external reference, TSP). This step also involves transfor-

mations (e.g., forming derivatives or ranking the spectral

intensities). Only the subregion 0.5–4.5 ppm (1,184 data

points) was used for SCS analysis. This region was selected

to avoid artifacts due to the residual water signal at

4.7 ppm and also the external reference (TSP) peak at

0 ppm. Finally, the resultant 1,184-point spectra were rank-

ordered to eliminate baseline differences between the

spectra (The actual intensity values were replaced by their

ranks to eliminate or reduce the influence of excessively

large resonance intensities.)

Feature Selection/Extraction

The feature selection/extraction is a genetic-algorithm-

based optimal region selection algorithm (GA_ORS) that

involves the reduction of feature space dimension but

retains the spectral identity [16]. A small number of dis-

criminatory subregions are selected from the spectra in

which adjacent spectral intensities are averaged. In an

extension of the feature selection method, the data are split

randomly into a number (N, e.g., N = 50) of training-test

set pairs; one half of the split is for the training set, the

other half the test set. For each split, a set of features is

determined using a simple classifier, in this case linear

discriminant analysis (LDA). This process produces N fea-

ture sets (generally different), and a histogram is

constructed of feature selection frequency. The features

most frequently selected are the eventual inputs for the

final classifier. This stage is essential for reliable classifier

development. Subregions identified in this study have been

listed in Tables 3 and 4 for groups 1 and 2 (with and

without carrageenan treatment).

Classifier Generation

In this step, the subregions determined by histogramming

form the feature set that is submitted to the ultimate clas-

sifier, also an LDA classifier. The classifier’s coefficients

are obtained by our bootstrap-inspired approach. This

involves splitting the data randomly 5–10,000 times into

training and test sets, determining the individual coeffi-

cients for LDA and using these to test the corresponding

test sets. A weighted average of the above coefficients is

taken, and weights are determined by the classifier’s per-

formances on the test sets.

Results

Figure 2 shows the two-dimensional (2D) 1H-1H COSY

spectrum of a typical colonic mucosa showing assignments

for various metabolites. 1H MR spectrum of the same

sample is shown above the 2D plot. These assignments

were also compared with those from recent reports [12,

20]. Owing to an extensive broadening of the lipid signals,

the chemical shift region 2.70–2.90 ppm representing

diallylic methylene protons [–CH=CH–(CH2–CH=CH)n–]

was not well resolved. This obviates the identification of

individual PUFAs present in the colonic mucosa. Similar

observations were made in recent studies despite the use

of advanced NMR techniques such as HR MAS [12, 20].

In addition to the lipid components, we have also

detected choline-containing phospholipids such as phos-

phatidylcholine and other small molecules such as crea-

tine, leucine, valine, lysine, alanine, threonine, aspartate,

glutamine, glutamate, ethanolamine, uracil, tyrosine and

phenylalanine.

SCS methodology was applied to the spectra obtained

from colonic mucosa in three stages of the study. In the

first stage, all the specialized dietary subgroups were

compared with the LFC fed subgroup. The results of the

first stage of SCS analysis from group 1 (treated with 2%

carrageenan) and group 2 (not treated with carrageenan)

are shown in Table 3. In group 1, the classifier assigned the

spectra to their respective groups with high accuracy

ranging from about 91–100%. The lowest accuracy of 91%

was seen for the comparison between the LFC- and the

HFB-fed subgroups. In this comparison, 4 out of 32 spectra

from the LFC subgroup were misclassified, and 2 out of 34
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spectra from the HFB subgroup were misclassified. The

spectral subregions identified by SCS as being discrimi-

natory are listed in Table 3. These regions could be

attributed to the resonances due to the protons of the fatty

acyl chain, creatine, leucine/isoleucine, valine and glyceryl

protons of phospholipids. Similar observations were made

for group 2 (see Table 3). The classification accuracy was

very high, ranging from 96 to 100%. A major difference

observed between the two groups was that creatine signals

were found to be discriminatory in the classification of

LFC and HFB in group 2, whereas glyceryl signals of

phospholipids were found to be discriminatory in group 1

(for detailed assignments, see Table 3). The first stage of

SCS analysis from group 1 and group 2 shows that dietary

fat causes enough differences in the metabolite profile of

rat colon that it can be discerned by SCS methodology. The

results hold true when there is no extrinsic inflammatory

agent and even when there is carrageenan-induced colonic

inflammation. These differences could be due to difference

in the amount of fatty acids, type of fatty acid or extent of

inflammation within these groups. Therefore, the first stage

of SCS analysis was followed by a second stage to assess if
1H MRS could identify the differences between the effects

of various dietary fats containing different fatty acids when

keeping the total fat content in each dietary group constant.

In the second stage, the three specialized diet groups

were compared against each other. All the animals in these

three groups received 23% fat by weight in their diets;

however, the type of fatty acid differed. The results of the

second stage of SCS analysis of samples from groups 1 and

2 are shown in Table 4. 1H MRS combined with SCS

analysis depicted an accuracy of 98–100% in classifying

Table 3 SCS analysis of low-fat corn oil group vs. each dietary subgroup in groups 1 (N = 127) and 2 (N = 119)

Group 1* Group 2

Class N Accuracy (%) Regions (ppm) Metabolites N Accuracy (%) Regions (ppm) Metabolites

LFC 32 100 2.68–2.86 =HC–CH2–CH= 24 96.6 2.69–2.79 =HC–CH2–CH=

1.95–2.0 –H2C–CH=CH– 2.05–2.11 –H2C–CH=CH–

HFC 31 1.59–1.61 –CH2–CH2–COO– 35 1.35–1.4 (–CH2–) chain

1.12–1.19 Leucine/isoleucine, valine 1.1–1.22 Leucine/isoleucine, valine

LFC 32 98.4 3.02–3.05 Creatine 24 98.2 3.0–3.08 Creatine

2.78–2.95 =HC–CH2–CH= 2.69–2.83 =HC–CH2–CH=

HFF 30 2.66–2.88 =HC–CH2–CH= 32 1.15–1.22 Leucine/isoleucine, valine

0.87–0.94 –CH3

LFC 32 90.9 3.75–3.80 Glyceryl moiety 24 100 3.0–3.05 Creatine

2.66–2.68 =HC–CH2–CH= 2.76–2.9 =HC–CH2–CH=

HFB 34 2.20–2.27 –CH2–CH2–COO– 28 2.04–2.08 –H2C–CH=CH–

* In group 1, all animals were treated with 2% carrageenan to induce IBD; abbreviations are the same as in Table 1

Fig. 2 Two-dimensional 1H-1H COSY spectrum (360 MHz, 25�C) of

a typical colonic mucosa with labeling of various fatty acid signals

along with other predominant biochemicals. Corresponding 1D 1H

spectrum is shown on the top of the 2D spectrum with assignments of

lipid signals. Abbreviations: L lipid, Leu leucine, Ile isoleucine, Val
valine, Lys lysine, Glu glutamate, Gln glutamine, Ala alanine, Asp
aspartate, Thr threonine, Tyr tyrosine, Phe phenylalanine, PC
phosphatidylcholine
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the spectra to their respective groups. In addition to the

regions identified during comparison of each group to the

LFC group, resonances due to glutamic acid, total cholines

and glycerophosphoethanolamine were also ascribed to be

discriminatory in this analysis. In the second stage of group

2 analysis, 1H MRS with SCS attained an accuracy of 97%

in differentiating HFC from HFF, 98.4% between HFC and

HFB, and 100% between HFB and HFF subgroups.

These results indicate that 1H MRS can detect subtle

differences in the metabolite profile of colon when the

animals receive the same amount but different types of fats.

The stage 1 analyses showed that MRS combined with SCS

can detect differences between the LFC subgroup and

HFC, HFF and/or HFB subgroups. The combination of

these two results shows that 1H MRS can detect differences

in the colon caused not only by different amounts but also

different types of fatty acids. The metabolites found to be

discriminatory in the SCS analysis included creatine,

glyceryl signals of glycerophospholipids, glyceropho-

sphoethanolamine, glutamic acid, total cholines and signals

from fatty acyl chains, particularly, the allylic/diallylic

methylene protons (–H2C–CH=CH–/–CH=HC–CH2–

CH=CH–) including (–CH2–) chain, terminal –CH3, and

–CH2–CH2–COO– groups. It is worthwhile to note that the

diallylic methylene protons (–CH=CH–CH2-CH=CH–) are

the predominant entities responsible for the classification

of different dietary PUFAs in both groups 1 and 2.

Metabolites resonating in the region 1.10–1.22 ppm could

be assigned to the amino acids leucine/isoleucine and

valine.

Having established that both the amount and type of

dietary fat caused enough differences in the fatty acid

profile of the rat colon and that 1H MRS can accurately

detect these changes, we proceeded to the third stage of

analysis. The goal of this stage of analysis was to assess the

accuracy of 1H MRS in detecting changes in the metabolite

profiles of the rat colons predominantly due to inflamma-

tion. For this, each subgroup in group 1 was compared to

the corresponding subgroup in group 2 of our study. As

shown in Table 5, the SCS analysis was highly accurate in

classifying the spectra from each subgroup in group 1

versus the corresponding subgroup in group 2. SCS iden-

tified resonances due to total cholines, creatine, valine,

leucine, phosphatidylcholine, and methyl and diallylic

methylene protons of the fatty acid chain as discriminatory.

The representative sections of H&E-stained samples

from each group are shown in Fig. 3. Details of the criteria

used to grade inflammation have been described in the

Methods section. In group 1, sections from 21 out of 23

samples analyzed from the HFF subgroup were either not

inflamed or had very mild inflammation. Similarly, out of

21 samples from the LFC subgroup, only 1 sample had

Table 4 SCS analysis of different dietary subgroups in groups 1 and 2 to assess the differences between individual dietary subgroups

Group 1* Group 2

Class N Accuracy (%) Regions (ppm) Metabolites N Accuracy (%) Regions (ppm) Metabolites

HFC 31 98.4 4.18–4.29 Glyceryl moiety 35 97.0 2.90–3.10 Creatine

3.20–3.24 Total cholines 2.58–2.78 =HC–H2C–HC=

HFF 30 2.75–2.79 =HC–H2C–HC= 32 1.95–1.98 –H2C–HC=CH–

1.49–1.54 –H2C–H2C–COO– 0.94–0.98 –CH3

HFC 31 100 3.73–3.80 Glutamic acid 35 98.4 2.99–3.04 Creatine

2.58–2.71 =HC–H2C–HC= 2.69–2.77 =HC–H2C–CH=

HFB 34 1.79-1.82 Unassigned 28 1.94-2.00 –H2C–CH=CH–

HFF 30 100 3.28 Glycerophosphoethanolamine 32 100 2.88-3.05 Creatine

2.79–2.98 =HC–H2C–HC= 2.57–2.68 =HC–H2C–HC=

HFB 34 2.31–2.35 Glutamic acid 28 1.59–1.61 –H2C–H2C–COO–

* In group 1, all animals were treated with 2% carrageenan to induce IBD; abbreviations are the same as in Table 1

Table 5 Results of comparative SCS analysis between group 1 and

group 2

Class Accuracy (%) Regions (ppm) Metabolites

LFC 100 4.18–4.23 Phosphatidylcholine

(–O–CH2–)

3.64–3.67 Phosphatidylcholine

(–N–CH2–)

0.89–0.93 –CH3

HFC 97.0 2.85–2.93 =HC–CH2–CH=

2.63–2.67 =HC–CH2–CH=

1.21–1.25 –Leucine/isoleucine/valine

HFF 100 3.20–3.24 Total cholines

0.87–0.93 –CH3

HFB 100 3.22–3.24 Total cholines

2.95–3.04 Creatine

0.85–0.92 –CH3

Abbreviations are the same as in Table 1
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severe inflammation. On the other hand, all of the samples

from HFB (n = 20) and HFC (n = 23) subgroups showed

moderate to severe inflammation. Figure 4 shows the cor-

responding 1H MR spectra of the colon tissue specimens

whose histological sections are shown in Fig. 3. Due to

extensive broadening of the 1H MRS signals, it was diffi-

cult to monitor the modulation in the levels of various

dietary fatty acids. However, it is obvious from Fig. 4 that

creatine and total-cholines are decreased with the severity

of the inflammation. Such metabolic information supple-

ments histological data, which in turn can help in the

accurate diagnosis of inflammation. In group 2 animals,

very mild or no inflammation was observed in all the

sections examined (data not shown).

Discussion

The main objective of this work was to study the effect of

various dietary lipids on the modulation of the colonic

inflammation in an IBD model. We utilized 1H MRS

combined with pattern recognition methods such as SCS to

study the above effect. Inflammatory reactions cause bio-

chemical changes, and MRS has the potential to detect

these changes before histological manifestations [21]. In

our earlier studies, we have confirmed that 1H MRS in

combination with pattern recognition methods could be a

valuable adjunct to histology for the assessment of tissue

whose status is intermediate between normal and malignant

[22, 23]. Hence, 1H MRS could be used for indirectly

assessing the inflammatory processes.

The data were analyzed in three stages to answer three

specific objectives of our study, sequentially. The first step

was to identify whether 1H MRS was able to identify dif-

ferences between a low-fat diet and different types of high-

fat diet in inflamed (group 1) and non-inflamed (group 2)

colons. Those results showed that MRS was able to cate-

gorize the samples in their respective group with high

sensitivity. Then the questions arose whether the differ-

ences seen were purely because of a difference in the

amount of total fat in the diet or whether MRS was sen-

sitive enough to categorize the samples accurately even

when the same concentration, but different type of fatty

acids was introduced in the diets. This led to stage 2 of the

analyses where we compared the MR spectra from differ-

ent high-fat diet groups against each other in both inflamed

(group 1) and non-inflamed (group 2) colons. The results

showed that 1H MRS with SCS methodology was able to

accurately classify the samples to their respective groups

again. At this stage, we had confirmed the basic hypothesis

of our overall project that different amounts and types of

dietary fats affect the colon differently and that 1H MRS is

a sensitive technique to identify these differences. There-

fore, we were at a stage where we could proceed to assess

whether 1H MRS could still categorize the samples with

confidence when comparing the difference in inflammation

between ‘normal’ and ‘IBD-like’ states of the colon. This

was the reasoning for doing stage 3 of the analyses where

Fig. 3 Representative H&E-

stained sections from each

dietary group: the low-fat corn

oil (LFC) group (a) showing

normal architecture with

uniform, well-spaced crypts

(star) and no interstitial fibrosis

or inflammation, while the

section from the high-fat corn

oil (HFC) group (b) shows

moderate inflammation with

distorted crypts (star),

lymphocytic infiltrate (arrow)

and interstitial fibrosis (arrow
head). The section from high-fat

flaxseed oil (HFF) (c) shows

unremarkable architecture with

uniform crypts (star) and no

evidence of inflammation; the

section from high-fat beef

tallow (HFB) group (d) shows

moderate inflammation with

distortion of crypt architecture

(star), lymphocytic infiltrate

(arrow) and interstitial fibrosis

(arrowhead)
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we compared each dietary subgroup from the ‘carrageenan-

treated’ (group 1) with the corresponding subgroup from

the ‘non-carrageenan-treated’ (group 2) separately. Since

the dietary composition was the same, any differences seen

in the MR spectra could be attributed to the difference in

inflammation between the two subgroups. As we aim to

eventually apply this methodology to assess the effect of

different dietary fatty acids on modulation of inflammation

in IBD, this was a critical step to confirm that 1H MRS has

the capability to categorize samples based on differences in

the degree of inflammation.

The 1H MRS signals found to be discriminatory in the

SCS analysis included those from creatine, glyceryl signals

of glycerophospholipids, glycerophosphoethanolamine,

glutamine/glutamic acid, total cholines and parts of the

fatty acyl chain, particularly the allylic/diallylic methylene

protons. The implications of these metabolites are dis-

cussed herewith. Creatine is a metabolite that is found in

normal tissues and serves as an energy reservoir. It is

converted into phosphocreatine by adding a high energy

phosphate bond in the presence of the enzyme creatine

kinase. This is a reversible reaction, and whenever energy

is needed, phosphocreatine is broken down to creatine

while releasing the energy as ATP. Significant concentra-

tions of creatine have previously been detected in human

colonic mucosa [24]. The creatine kinase isoenzyme BB

has been isolated from normal [25] and infracted colonic

mucosa [26]. In an earlier study, the presence of significant

amounts of creatine in normal colon tissue was attributed to

a more developed muscular morphology of the colon [12].

In this study, we observed relatively high levels of creatine

(2.88–3.10 ppm) in the LFC subgroup, whereas creatine

was detected in negligible amounts in animals fed with

HFC and HFB. However, the creatine levels were intact in

the animals fed with HFF (Fig. 4). These observations

indicate that muscular morphology was not disturbed in the

animals fed with HFF, whereas it was upset in animals fed

with HFC/HFB. As colonic inflammation causes cellular

damage, demand for the energy would be high, which may

result in the depletion of creatine stocks in these cells.

The region around 2.7–2.8 ppm denotes diallylic

methylene protons from PUFAs [9]. PUFAs are critical for

maintaining the membrane structure and function of vari-

ous cells in the body [27]. Linoleic acid is an abundant

PUFA in the cell membrane and a precursor of arachidonic

acid. Arachidonic acid is the precursor in the synthesis of

many inflammatory mediators such as the products of

lipoxygenase pathway LT B4 and LT C4. These inflam-

matory markers are increased in many disorders in the

human body including IBD [28]. Nishida et al. [29]

observed an increase in arachidonic acid concentration in

the colonic mucosa of patients with ulcerative colitis. Nieto

et al. [30] also observed an increase in linoleic acid con-

centration in the colonic mucosa of rats 2 weeks after

inducing experimental colitis. The linoleic acid incorpo-

rated into colonic cells may be used to synthesize arachi-

donic acid and inflammatory mediators. The GI tract is

well known to be affected by dietary lipids. Colonocytes

have fatty acid synthase including in colorectal cancer [31].

A high-fat diet does affect eicosanoid production in colonic

mucosa. However, we recognize that inflammation is

mediated via a complex network of different cell types in

the colon, and almost every cell type is affected in the body

by dietary lipids [32, 33]. These changes in colonic

Fig. 4 1H MR spectra

(360 MHz, 25�C) of the

corresponding colonic tissue

specimens whose histology is

shown in Fig. 3 from each

dietary group: a low-fat corn oil

group (LFC), b high-fat corn oil

(HFC) group, c high-fat flaxseed

oil (HFF) group and d high-fat

beef tallow (HFB) group. Some

of the peaks/metabolites that

showed change in their relative

levels have been marked in the

spectra

Lipids (2010) 45:843–854 851

123



mucosal lipid profile are similar in human ulcerative colitis

as well as experimental colitis induced in animals. Using a

gas chromatography technique, Hawthrone et al. [34]

observed that the levels of unsaturated fatty acids, EPA and

DHA increased in rectal mucosa after x-3 PUFA supple-

mentation. A similar effect on the colonic fatty acid profile

was seen by Bartoli et al. [35] in Sprague-Dawley rats after

x-3 supplementation for 12 weeks. As mentioned earlier,

due to extensive broadening of the 1H MRS signals, we

could not determine which specific PUFA contributed to

the peak due to protons in the unsaturated region based

solely on these spectra. We deduced that the predominant

PUFA in a particular dietary group must have been

responsible for the selection of the allylic/diallylic meth-

ylene protons peak as discriminatory (Tables 3 and 4).

Glutamine is the major fuel for intestinal cells. Signifi-

cant levels of glutamine were observed both in human

colon [36] and rat colonic mucosa [37]. Glutamate acts as

an excitatory neurotransmitter in the intestinal neuronal

cells. Intense glutamate staining was observed in the neural

plexuses of human colon. It is being postulated that glu-

tamate regulates acetylcholine release and motility in the

colon [38]. Glutamic acid is converted to c-aminobutyric

acid by glutamic acid decarboxylase enzyme. Recently, it

was shown that glutamic acid decarboxylase and c-ami-

nobutyric acid are present in the lamina propria of colonic

mucosa of rats and may be involved in maturation and

differentiation of colonic epithelial cells [39]. In the pres-

ent study, although we detected small amounts of gluta-

mine/glutamate in colonic mucosa using 2D COSY

experiments, they were overlapping with those of lipid

signals. As a result, we were not able to quantify these

metabolites.

The comparison between group 1 and group 2 spectra

shows that 1H MRS combined with SCS can differentiate

between inflamed and non-inflamed samples from the

animals fed the same amount and type of fatty acids. In this

comparison, total cholines were found to be discriminatory

in addition to the metabolites mentioned above. In this

study, total cholines were decreased in HFC/HFB fed

animals. Martin et al. [12] observed significant levels of

phosphatidylcholine, creatine, glycerol and triglycerides in

the normal colon. Phosphatidylcholine is the predominant

phospholipid present in the lipid bilayer of cell membranes

[40] and in the colonic mucosal lining [41]. It is synthe-

sized via the CDP-choline pathway, and the final step

of this de novo synthesis is catalyzed by cholinepho-

sphotransferase [42, 43]. Cholinephosphotransferase has

also been implicated in the synthesis of platelet-activating

factor (PAF), which is an inflammatory mediator and

necessary signal for steps in the inflammatory cascade such

as platelet activation and increase in vascular permeability.

The active species of PAF have been shown to increase

significantly in mucosal biopsies from ulcerative colitis

patients [44]. Levels of PAF in stool are even considered to

be diagnostic and indicative of severity in patients with

ulcerative colitis [45]. The decreased levels of phosphati-

dylcholine in animals with severe inflammation seen in

our study could be due to increased levels of PAF in

colonic inflammation. We speculate that the cholinepho-

sphotransferase could be more active towards the synthesis

of PAF under inflammatory conditions. As there is

increased apoptosis and cell turnover in IBD, there is

increased demand for phosphatidylcholine to repair and

regenerate the cells in colonic mucosa. This may have also

contributed to the decreased levels of phosphatidylcholine/

total cholines seen in our spectra, in line with earlier

reports [14, 46, 47].

The histological assessment of group 1 (Fig. 3) samples

showed that both LFC and HFF may be protective against

inflammation. It points to the fact that both the amount and

type of fatty acids supplemented may be important in

modulating colonic inflammation. HFC and HFB sub-

groups showed significant inflammation in our study. The

HFC diet supplied a high concentration of x-6 fatty acids,

which are pro-inflammatory and may have caused severe

inflammation in that subgroup. The same trend holds true

for the HFB diet, which supplies high amounts of saturated

fats. On the contrary, the LFC diet, although it provides

mainly x-6 PUFAs, did not have a high enough concen-

tration of these PUFAs to manifest severe pro-inflamma-

tory effects. In a randomized control trial on patients with

IBD, Bamba et al. [48] observed that a low-fat diet induced

remission in 80% patients as compared to only 25% in the

high-fat diet group. Interestingly, the fat they supple-

mented in the diet was soybean oil, which has a significant

amount of x-3 PUFAs. Similar effects were observed by

Reddy et al. in a study on colon cancer [49]. They showed

that rats fed with 20% corn oil had a significantly higher

incidence of colon cancer than rats fed with 5% corn oil

for the same duration [49]. More recently, Rao et al. [50]

reported that in rats fed with high-fat fish oil (x-3) and

LFC (x-6), this exerted a similar protective effect on colon

tumor development as compared to a high saturated fat

diet. Our results are in agreement with all these reports. In

addition, the duration for which these PUFAs are admin-

istered is also important in regulating the outcome of the

therapy. The effects of x-3 and x-6 fatty acids on IBD

need to be studied in long-term studies. It is necessary to

assess whether the effects of these fatty acids on IBD are

reversible and the relapse and remission rates for patients

who become non-compliant to the dietary modifications.

Very mild or no inflammation seen in animals from group

2 could be due to variation in the normal mucosa, as

usually some inflammatory cells are always present in the

colon.
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The results of this study show that 1H MRS combined

with SCS methodology can detect differences in the

prevalence of inflammation in the colon of animals fed

with both low-fat and high-fat diets. It can also differen-

tiate between the subtle changes caused by the different

fatty acids on the colon of animals fed with specialized

diet. The fact that both LFC and HFF subgroups showed

very mild or no inflammation implies that both the amount

and the type of fatty acid in the diet are crucial in modu-

lating inflammation. Our approach has the potential to

complement histological examination of colon biopsies.

The role of 1H MRS as an adjunct to histology for diag-

nosing and differentiating between Crohn’s disease and

ulcerative colitis has already gained some footing [6]. The

results of the current study will facilitate future endeavors

to determine the utility of 1H MRS in assessing inflam-

mation, disease progression and response to dietary modi-

fication augmenting the mainstream methods such as

histology. In this study, we kept the level of fat the same,

but the fatty acid composition was altered in different high-

fat diets. One of our future research goals is to conduct a

study using different timelines for each dietary group of

animals to show the temporal separation between bio-

chemical and histological changes in IBD. Moreover, we

will focus our study on the effect of individual fatty acids

on colonic inflammation to understand their respective

roles. We intend to use a combination of serum markers,
1H MRS and histology at various time points.
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Abstract Plant sterols and stanols (phytosterols) and

their esters are nutraceuticals that lower LDL cholesterol,

but the mechanisms of action are not fully understood.

We hypothesized that intact esters and simulated hydroly-

sis products of esters (phytosterols and fatty acids in equal

ratios) would differentially affect the solubility of choles-

terol in model bile mixed micelles in vitro. Sodium salts of

glycine- and taurine-conjugated bile acids were sonicated

with phosphatidylcholine and either sterol esters or com-

binations of sterols and fatty acids to determine the amount

of cholesterol solubilized into micelles. Intact sterol esters

did not solubilize into micelles, nor did they alter choles-

terol solubility. However, free sterols and fatty acids

altered cholesterol solubility independently (no interaction

effect). Equal contents of cholesterol and either campes-

terol, stigmasterol, sitosterol, or stigmastanol (sitostanol)

decreased cholesterol solubility in micelles by approxi-

mately 50% compared to no phytosterol present, with

stigmasterol performing slightly better than sitosterol.

Phytosterols competed with cholesterol in a dose-dependent

manner, demonstrating a 1:1 M substitution of phytosterol

for cholesterol in micelle preparations. Unsaturated fatty

acids increased the micelle solubility of sterols as compared

with saturated or no fatty acids. No differences were

detected in the size of the model micelles. Together, these

data indicate that stigmasterol combined with saturated fatty

acids may be more effective at lowering cholesterol micelle

solubility in vivo.

Keywords Phytosterols � Phytosterol esters �
Cholesterol absorption � Bile � Mixed micelle �
Plant sterol � Plant stanol

Abbreviations

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

GC Gas chromatography

HDL High-density lipoprotein

LDL Low-density lipoprotein

N2 Molecular nitrogen

Introduction

Supplementation of human diets with plant sterols and

stanols (collectively referred to here as phytosterols) and

their esters can decrease serum LDL cholesterol concen-

trations [1], which is regarded as a modifiable risk factor

for atherosclerosis. One way phytosterols lower serum

LDL cholesterol is by disrupting intestinal cholesterol

solubilization into micelles [2–5], which is a necessary step

in the efficient absorption of cholesterol from the intestine

[6]. However, the exact mechanisms for the actions of

phytosterols have not been adequately defined.

Several studies have investigated the effects of indi-

vidual sterols in simple systems of single bile acids with [2]

or without [3–5] oleate or monoolein. However, the most

quantitatively important source of cholesterol in the

intestinal lumen is secreted from the gall bladder in a
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complex mixture of bile salts and phospholipids. In spite of

the relevance to intestinal uptake of sterols, few studies

have compared phytosterol solubilities and their effects on

cholesterol solubility in a mixed micelle system similar to

bile [7]. In addition, some phytosterol esters, namely sterol

stearates [8], are superior to other phytosterols in their

ability to lower serum cholesterol, yet the mechanisms by

which these esters impart their unique effects is unknown.

Thus, the objectives of this study were to examine the

effects of (1) sterol esters, (2) simulated hydrolysis prod-

ucts of sterol esters (fatty acids and sterols in equal ratios),

and (3) phytosterol concentration on micellar cholesterol

solubility in a model bile, mixed-micelle system.

Materials and Methods

Cholesteryl oleate (98%), oleic acid (99%), stearic acid

(99%), sodium taurodeoxycholate ([97%), and sodium

glycodeoxycholate ([97%) were purchased from Sigma-

Aldrich (St. Louis, MO). Sodium glycocholate (98%)

and granular phosphatidylcholine were purchased from

ACROS Organics (Geel, Belgium). Sodium taurocholate

([97%) was purchased from Alfa Aesar (Ward Hill, MA).

5a-Cholestane was obtained from Steraloids (Newport, RI).

Cholesterol (95%) was obtained from Mallinckrodt OR

(Paris, KY). Palmitic acid (99?%) was obtained from MP

Biomedicals (Irvine, CA). Sodium chloride, sodium azide,

chloroform, and hexanes were purchased from Fisher

Scientific (Fair Lawn, NJ). Methanol was purchased from

VWR (West Chester, PA). Linoleic and a-linolenic acids

(99?%) were purchased from Nu-Chek Prep (Elysian,

MN). The total cholesterol kit, Chol, was purchased from

Roche Diagnostics (Indianapolis, IN). Phospholipids C and

Free Cholesterol E colorimetric assay kits, and campesterol

(98.7%) were obtained from Wako Chemicals USA, Inc.

(Richmond, VA). 24-Ethyl sterols were purchased or syn-

thesized as previously described [9]. Briefly, stigmasterol

(95%) was purchased from TCI America (Portland, OR)

and partially or completely hydrogenated to make sitosterol

or stigmastanol (a.k.a. sitostanol), respectively [10, 11].

Procedures

Model Bile Mixed Micelles

Simplified bile salt solutions modeling biliary bile salt

compositions were limited to the glyco- and tauro-

conjugates of cholate and deoxycholate in ratios similar to

published values [7, 12, 13] for a final concentration of

52.5 mM total sodium salts of bile acids: glycocholate,

29.1 mM; taurocholate, 11.4 mM; glycodeoxycholate,

8.8 mM; and taurodeoxycholate, 3.4 mM. Concentrated

stock solutions of phosphatidylcholine, free fatty acids,

free sterols, and sterol esters were made in chloroform.

Model bile mixed micelles were created by combining

stock solutions and evaporating chloroform under a stream

of N2 at 50�C, followed by addition of the 52.5 mM bile

salt stock solution to create a 1 ml solution. All solutions

had a final concentration of 52.5 mM bile salts and 15 mM

phosphatidylcholine, with the concentrations of free ster-

ols, free fatty acids, and sterol esters varying depending on

the experiment. Lipids and bile acids were sonicated in an

ice bath using a Branson 450 Sonifier (Branson, Danbury,

CT) with a probe tip at 30% of maximum output (400 W)

for 15 min [7]. Immediately after sonication, micelles were

separated by injecting 200 ll of the solution onto a 10/300

Superose 6 column using a Waters 600 Multisolvent

Delivery System and eluted at 0.5 ml/min using a 6 mM

bile salt eluent. Eluent was made by addition of 3:1 tauro-

cholate/taurodeoxycholate (w/w) dissolved in 0.9% sodium

chloride (w/v) with 0.01% sodium azide (w/v), followed by

vacuum filtration using Millipore (Bedford, MA) 47 mm,

0.2-lm pore size, and nylon filters. Fractions were col-

lected every minute (0.5 ml) in 12 9 75 mm polystyrene

tubes (VWR) using an ISCO Retriever 500 (Lincoln, NE).

Individual fractions were analyzed for phosphatidylcholine

using Wako’s Phospholipids C Kit. Phosphatidylcholine-

containing fractions indicated the presence of micelles [7,

14] and were pooled for subsequent analysis of free sterols

by GC.

Micelle Sterol Analysis

Free sterols were analyzed by extracting an aliquot of the

pooled micelle-containing fractions with 5a-cholestane as

an internal standard. The sample was dried under a stream

of N2 at 60�C and was extracted using a modified Folch

procedure [15]. Briefly, 2 ml of chloroform/methanol (2:1,

v/v) was added to each sample, and samples were vigor-

ously vortexed for 1 min followed by addition of deionized

water for a final water content of 20% of the total volume.

Samples were centrifuged at 1,0009g for 5 min to separate

phases; the organic phase was transferred to a new tube,

dried under a stream of N2, and resuspended in hexanes.

Sterols were analyzed by GC using an HP (Wilmington,

DE) 5890 Series II Plus Gas Chromatograph equipped with

an HP 6890 Autosampler, a 30-m DB-5 column (Agilent

Technologies, Santa Clara, CA), and a flame-ionizing

detector. Peaks were identified by comparing retention

times with that of known standards. For the experiments

examining the effects of intact sterol esters on micellar

cholesterol, total and free sterols were quantified

enzymatically.
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Statistics

Data were analyzed using the Mixed procedure of SAS

software (version 9.2; SAS Institute, Cary, NC). Sterol and

fatty acid effects on micelles were analyzed as a split-block

design, with stock solutions of sterols or fatty acids as main

effects, correcting for cholesterol stock solutions as

blocking effects. Pairwise comparisons were made with the

‘pdiff’ option and corrected for multiple comparisons using

the ‘simulate’ adjustment to account for unequal sample

sizes. Significance was set at P \ 0.05. Functions in the

dose dependence study were calculated using Proc Model.

Results

Micellar Incorporation of Free Sterols

Initial tests demonstrated similar elution patterns and vol-

umes to previous work [7]. The elution profile of a model

bile mixed micelle containing 3 mM cholesterol, 52.5 mM

bile salt, and 15 mM phosphatidylcholine is shown in

Fig. 1a.

Sterol Esters and Model Bile Mixed Micelles

Elution profiles of free cholesterol, total sterols (free plus

esterified sterols), and phospholipids did not differ when

cholesteryl oleate was included in a mixed micelle con-

taining free cholesterol, bile salt, and phosphatidylcholine

as compared with a model micelle devoid of sterol ester

(Fig. 1a, b). When only cholesteryl oleate was added, with

no free cholesterol, neither free nor esterified sterol was

detected in the micelle fraction, and the elution pattern of

phospholipids was altered (Fig. 1c). The lack of incorpo-

ration of sterol esters in micelles was further shown by

preparing model micelles with or without stearate esters of

stigmasterol, sitosterol, stigmastanol, or cholesterol. Total

sterol content (free plus esterified sterols) did not differ

from free sterol content (2.22 ± 0.02 vs. 2.19 ± 0.04 mM,

respectively, pooled across preparations, n = 4), indicating

no measurable incorporation of sterol esters in the micelles.

Additionally, the presence or absence of sterol esters in the

preparation did not affect the free cholesterol content of the

micelles.

Micelle Solubility of Individual Sterols

The solubilities of free sterols within micelles prepared

from solutions containing 3 mM cholesterol, campesterol,

stigmasterol, sitosterol, or stigmastanol were quantified

(Fig. 2). Stigmasterol was incorporated into micelles

quantitatively and significantly less as compared to

cholesterol, sitosterol, and stigmastanol, while cholesterol,

campesterol, sitosterol, and stigmastanol were equally

incorporated.

Dose-Dependent Competition Between Sterols

for Micellar Incorporation

Competition between stigmasterol and cholesterol for

micelle incorporation was determined by adding 0, 1.5, 3,

or 6 mM stigmasterol to model bile preparations contain-

ing 3 mM cholesterol (Fig. 3). As stigmasterol content

increased, cholesterol content in the micelle decreased.

Micellar cholesterol and stigmasterol contents were

Fig. 1 Elution profiles of micelles separated by size-exclusion

chromatography. Model mixed micelles were made by sonicating

3 mM cholesterol (a), 3 mM cholesterol and cholesteryl oleate (b), or

3 mM cholesteryl oleate (c) in the presence of 52.5 mM mixed bile

salts and 15 mM phosphatidylcholine, followed by separation on a

Superose 6 column at a flow rate of 0.5 ml/min. Fractions (1 min,

0.5 ml) were collected and analyzed for cholesterol, phosphatidyl-

choline, and total sterol. Each panel represents one preparation

Lipids (2010) 45:855–862 857
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modeled as logarithmic and exponential functions,

respectively. Cholesterol content was modeled as:

C ¼ 1:83expð�0:158XÞ ð1Þ

and stigmasterol content was modeled as:

S ¼ 0:53lnð1:073ðX þ 1ÞÞ ð2Þ

where C is the final micellar cholesterol content in mM,

S is the final micellar stigmasterol content in mM, and X is

the stigmasterol added to the preparation in mM.

The amount of stigmasterol that would need to be added

to decrease the cholesterol content by 50% according to

Eq. 1 was 4.40 mM. This value corresponded closely to the

solution of the two functions of X = 4.33 mM, where the

amount of micellar stigmasterol and cholesterol are equal.

Together, these values indicate approximately a 1:1 M

substitution of micellar cholesterol for stigmasterol. The

observation that more stigmasterol needs to be added than

cholesterol for a 1:1 competition further demonstrates a

lower micellar solubility of stigmasterol. Because stig-

masterol had a lower solubility than other sterols (Fig. 2),

other phytosterols may compete for micelle incorporation

differently.

Free Sterol and Fatty Acid Effects on Micellar Sterol

Content

Mixed micelles containing 3 mM free cholesterol were

made with or without 3 mM palmitic, stearic, oleic, lin-

oleic, or a-linolenic acids, and with or without 3 mM free

campesterol, stigmasterol, sitosterol, stigmastanol, or

additional cholesterol. Micellar cholesterol and phytos-

terol concentrations were measured by GC. No statistical

interactions were detected between fatty acids and sterols,

so pairwise comparisons were conducted among prepa-

rations pooled across fatty acids (‘sterol effects,’ Table 1,

pooled n = 17–28) or among preparations pooled across

sterols (‘fatty acid effects,’ Table 2, pooled n = 15–19).

The fatty acid effects were calculated only on micelles

that contained both phytosterols and cholesterol because

the preparations that contained only cholesterol skewed

the average cholesterol content upward and phytosterol

content downward.

Adding an additional 3 mM cholesterol to the micellar

mixture (for a total of 6 mM cholesterol) resulted in a

significant increase, although not a doubling, in the con-

centration of cholesterol in the micelles, indicating that the

micelles are saturated with cholesterol at a concentration

somewhere between 3 and 6 mM.

The presence of phytosterols significantly decreased

micellar cholesterol, with the phytosterol-containing prep-

arations solubilizing approximately 50% of the micellar

cholesterol of the saturated micelles. Modest differences

were observed among the phytosterols tested: a 9% dif-

ference in the amount of micellar cholesterol was observed

for the most (stigmasterol) and least (sitosterol) effective

phytosterols, although neither stigmasterol nor sitosterol

differed from stigmastanol and campesterol. However,

stigmasterol itself was less well incorporated compared

Fig. 2 Sterol solubility in mixed micelles. Mixed micelles were

prepared by sonicating 3 mM of each sterol in the presence of

52.5 mM mixed bile salts and 15 mM phosphatidylcholine. Micelles

were isolated by size-exclusion chromatography, and sterols were

quantified by GC. Data are represented as means ± pooled SEM,

n = 3; bars with differing letters indicate significantly different

means, P \ 0.05

Fig. 3 Competition of stigmasterol and cholesterol for micelle

incorporation. Stigmasterol (0, 1.5, 3, or 6 mM) was sonicated in

the presence of 3 mM cholesterol, 15 mM phosphatidylcholine, and

52.5 mM mixed bile salts. Micelles were isolated by size-exclusion

chromatography, and cholesterol and stigmasterol were quantified by

gas chromatography. Micellar cholesterol solubility, modeled as a

function of added stigmasterol, is represented by the dashed line
(Eq. 1). Micellar stigmasterol solubility, modeled as a function of

added stigmasterol, is represented by the solid line (Eq. 2). The open
circle indicates the concentration of added stigmasterol at which

micellar cholesterol would be expected to be decreased by half, which

closely coincides with the intersection of the curves. Data represent

means ± pooled SEM, n = 3; error bars may be eclipsed by the data

markers
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with sitosterol, although again neither stigmasterol nor

sitosterol differed from stigmastanol or campesterol.

Together, these differences in individual sterol solubilities

resulted in stigmasterol-containing preparations having

significantly less total sterol than the other preparations

except for the preparations that contained only 3 mM

instead of 6 mM total sterol. Stigmasterol also differed

from the other phytosterol-containing preparations by

containing a greater proportion of micellar total sterol that

was cholesterol, despite having a lower magnitude of

cholesterol incorporated.

The presence or absence of saturated fatty acids (pal-

mitic and stearic) had no effect on the incorporation of

cholesterol or phytosterols in micelles. However, the

presence of unsaturated fatty acids (oleic, linoleic, and

a-linolenic), as compared with the saturated and no fatty

acids preparations, increased micellar cholesterol (1.23 vs.

1.08 mM, respectively) and phytosterol (1.03 vs. 1.15 mM,

respectively) contents. Total sterol content was similarly

affected, but the proportion of micellar total sterol that was

cholesterol was unaffected, indicating that incorporation of

unsaturated fatty acids increased the sterol capacity of

micelle preparations. However, no differences were

detected in phospholipid content, indicating an additive

rather than substitutive change.

Micelle Size

Elution volume was used as a surrogate marker of micelle

size [16]. No differences were seen in elution volumes,

indicating no detectable differences in micelle sizes across

all sterol and fatty acid combinations (data not shown).

Discussion

Phytosterols and their esters are potent nutraceuticals.

Understanding the mechanisms by which phytosterols

lower serum LDL cholesterol may be important in opti-

mizing a more potent phytosterol treatment. Variations in

the fatty acid [8] and sterol [17] components of phytosterol

esters can result in different efficacies with regard to cho-

lesterol lowering. One mechanism by which this difference

could occur is through differences in rates of hydrolysis of

the esters. However, we previously demonstrated no dif-

ferences in the hydrolysis of sitosterol and stigmastanol

Table 1 Molar phospholipid and sterol compositions of model bile mixed micelles formed with 3 mM cholesterol and with 0 or 3 mM

additional sterol

Additional sterol None Cholesterol Campesterol Stigmasterol Sitosterol Stigmastanol

mmol/l

Cholesterol 2.02 ± 0.02a 2.33 ± 0.02b 1.15 ± 0.03 cd 1.09 ± 0.02c 1.19 ± 0.02d 1.17 ± 0.02 cd

PhytosterolA 0.00 0.00 1.11 ± 0.02ab 0.93 ± 0.02b 1.16 ± 0.02a 1.16 ± 0.02ab

Phospholipid 3.63 ± 0.03a 3.20 ± 0.03b 3.22 ± 0.04bc 3.30 ± 0.03bc 3.26 ± 0.03bc 3.37 ± 0.03c

Total sterol 2.02 ± 0.03a 2.33 ± 0.03b 2.27 ± 0.04b 2.02 ± 0.03a 2.36 ± 0.03b 2.33 ± 0.03b

mol%

% Sterol as cholesterolA 100.00 100.00 51.22 ± 0.63a 53.98 ± 0.43b 50.74 ± 0.43a 50.12 ± 0.43a

Values represent means ± pooled SEM of 17–28 replicates, averaged across experiments that also included 0 or 3 mM fatty acids. Values with

different superscripts within a row differ by P \ 0.05
A Phytosterol and mole percent data for the ‘none’ and ‘cholesterol’ preparations were not compared to other preparations because neither

contained phytosterols

Table 2 Molar phospholipid and sterol compositions of model bile mixed micelles formed with 3 mM phytosterol and with 0 or 3 mM free fatty

acid

Fatty acid None Palmitic Stearic Oleic Linoleic Linolenic

mmol/l

Cholesterol 1.09 ± 0.02a 1.08 ± 0.02a 1.07 ± 0.02a 1.25 ± 0.02b 1.22 ± 0.03b 1.22 ± 0.03b

Phytosterol 1.03 ± 0.02a 1.03 ± 0.02a 1.03 ± 0.02a 1.17 ± 0.02b 1.15 ± 0.03b 1.14 ± 0.03b

Total sterol 2.12 ± 0.04a 2.11 ± 0.04a 2.10 ± 0.04a 2.42 ± 0.04b 2.37 ± 0.05b 2.35 ± 0.05b

Phospholipid 3.27 ± 0.03 3.25 ± 0.03 3.27 ± 0.03 3.32 ± 0.03 3.31 ± 0.04 3.30 ± 0.04

mol%

% Sterol as cholesterol 51.44 ± 0.37 51.08 ± 0.39 51.13 ± 0.37 51.81 ± 0.37 51.73 ± 0.46 51.89 ± 0.46

Values represent means ± pooled SEM of 15–19 replicates, averaged across experiments that also included 3 mM cholesterol and 3 mM

additional phytosterol. Values with different superscripts within a row differ by P \ 0.05
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esters or stearate and palmitate esters by pancreatic cho-

lesterol esterase (EC 3.1.1.13) in vitro, and thus efficiency

of hydrolysis likely does not directly determine the unique

properties of some phytosterol esters [9]. Another mecha-

nism for decreasing serum cholesterol concentrations could

be diminishing cholesterol absorption by decreasing

intestinal micellar cholesterol in the presence of mixtures

of free fatty acids, free phytosterols, and/or intact phytos-

terol esters. We therefore examined the effects of sterol

esters and their simulated hydrolysis products in a model

bile, mixed-micelle system to approximate the effects of

dietary sterols on biliary cholesterol, which is quantita-

tively more important than dietary cholesterol with regards

to cholesterol absorption [18].

The model bile, mixed micelle system we used was

created by using a combination of bile acids [7, 12, 13],

while the ratio of cholesterol to phytosterol approximated

the relative amounts of the sterols in the intestinal lumen

during phytosterol supplementation. On average, 1,000 mg

of cholesterol are secreted into the small intestine from the

gall bladder daily [18], and the United States Cholesterol

Education Program recommends up to 2,000 mg/day of

phytosterols to lower serum cholesterol [19]. We therefore

chose equal concentrations of sterols in the model micelle

preparations to examine equal competition for micelle

solubilization, as well as concentrations up to the 2:1 ratio

of phytosterol to cholesterol that is expected in the intes-

tinal lumen when consuming the recommended dose of

phytosterols in order to examine dose-dependent effects.

By examining equal ratios of phytosterol:cholesterol:free

fatty acid, we also modeled the effects of complete

hydrolysis of phytosterol esters on biliary cholesterol.

In this study, we demonstrated that intact phytosterol esters

do not alter cholesterol micelle solubility, nor do they incor-

porate at a detectable level into mixed bile-salt/phosphati-

dylcholine micelles. In vivo models, however, demonstrate

that both free and esterified sterols impart cholesterol-lower-

ing effects [1]. This apparent discrepancy reinforces the

concept that sterol esters must be first hydrolyzed to impart

their cholesterol-lowering properties. The direct influence of

phytosterol esters on enterocytes or intestinal phase compo-

sitions, however, cannot be precluded. Indeed, Nissinen and

colleagues detected esters and free sterols in both the oily and

aqueous fractions of jejunal aspirates [20]. The presence of

esters in what was labeled the ‘micellar phase’ in the jejunal

contents, combined with the absence of esters in micelles in

our model, may indicate that esters are suspended in small

lipid droplets [21] or solubilized in an aqueous particle other

than mixed bile salt micelles in vivo.

The effects of fatty acids on the micellar solubility of

sterols have been little studied. Previous results implicating

improved cholesterol-lowering effects of stearic acid-

containing phytosterol esters [8] led us to investigate the

simulated hydrolysis products of various phytosterol esters,

with the hypothesis that the stearic acid-containing

micelles would solubilize less cholesterol when compared

to micelles prepared with other fatty acids. While our data

did indicate a lower cholesterol content in stearic acid-

enriched micelles, the effect was not unique to stearic acid,

but was also seen in palmitic acid-enriched micelles as well

as micelles prepared without fatty acids. In addition, the

difference between cholesterol content in micelles that

incorporated unsaturated and saturated fatty acids was

small (1.23 vs. 1.08 mM, respectively) compared to the

70% decrease in non-HDL cholesterol and the 85%

decrease in cholesterol absorption observed in hamsters fed

stearic acid esters of phytosterols [8]. Thus, the dietary

effects of stearic acid-enriched phytosterol esters are likely

not completely explained by decreasing the micellar solu-

bility of cholesterol.

In a study of phytosterol esters derived from three oils

used as supplements in humans (olive, sunflower, fish), no

differences were observed among the treatment groups

with regard to serum cholesterol concentrations [22],

consistent with the similar cholesterol solubilization

observed in the present study among micelles containing

different unsaturated fatty acids. Conversely, another study

showed that esterifying phytosterols with long chain

omega-3 fatty acids synergistically lowered cholesterol,

and the authors surmised that the effect was the result of

decreasing micelle solubility [23]. Our data indicate

the opposite: unsaturated fatty acids increased micellar

cholesterol. Although the only omega-3 fatty acid we

investigated was a-linolenic acid, whereas they used

eicosapentaenoic (EPA) and docosahexaenoic (DHA)

acids, our data suggest that if there is a unique effect of

EPA and DHA on micellar cholesterol solubility, it is

likely not the result of the degree of unsaturation or the

omega-3 positioning of a double bond.

A number of studies have examined the thermodynam-

ics of sterol solubilities in micelles and have demonstrated

competition between cholesterol and other sterols for

incorporation into micelles [4, 5, 7, 24, 25]. Although we

also observed this competition, our results contrast mark-

edly with those from several other studies. For instance, we

found that four different phytosterols decreased cholesterol

solubility to a very similar extent. Stigmasterol was, by a

small margin, the most potent of the four, decreasing the

concentration of micellar cholesterol and total solubilized

sterols. This result is in contrast to a previous study on the

solubility of cholesterol in sodium taurodeoxycholate

micelles [4] that found stigmasterol to have the smallest

effect among the sterols tested. The same study reported

poor relative solubility of individual phytosterols in their

system compared to cholesterol, whereas we observed

almost equal solubility. The results of that study were
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consistent with ours in terms of total sterol solubility: in

their binary (two sterol) systems, total sterol content was

relatively equal. On the other hand, a third study that used

micelles of sodium taurocholate and oleate demonstrated

an approximately 50% decrease in total solubilized sterol

as the amount of sitosterol was increased [2]. In contrast,

our dose-dependence experiment demonstrated no decrease

in total solubilized sterol, but instead showed a 1:1 sub-

stitution of stigmasterol for cholesterol. The competition

model we demonstrated does, however, reinforce the

observations of Armstrong and Carey that micelles have a

limited number of binding sites [5].

The disparities in results in sterol solubility studies

probably reflect the differences in the micellar systems

employed. The work reported here is based upon a model

bile system, whereas other systems often use a single bile

salt with or without another lipid component such as oleate.

While these simpler systems do provide insight into the

inherent solubility of various sterols in bile salt micelles,

they may be less effective as models of intestinal micellar

solubilization. Indeed, the lack of difference between

individual phytosterols in our studies coincides with

observations in clinical and animal trials. For example,

similar decreases in serum cholesterol reduction were

observed in humans upon administration of different

combinations of phytosterols [26]. Analogous outcomes

have been observed in rats [27] and hamsters (Ash and

Carr, unpublished data) fed phytosterol esters varying only

in the sterol component. It is likely that the differences in

solubilities arise from the micelle composition, as the bile

salt type and concentration both affect the solubility of

sterols [5], as well as the presence of lyso- or phospholipids

[28], oxidation of fatty acids [29], and amount of fatty acid

[2]. The complexity of bile, then, is likely better able to

accommodate different sterols than simpler systems.

However, the decreased cholesterol solubilities when

stigmasterol and saturated fatty acids are present may

indicate that the combination of these components is more

effective at decreasing cholesterol solubility in micelles

than other combinations, though in vivo experiments must

be conducted to validate these results on serum cholesterol

and cholesterol absorption.

Acknowledgments The authors would like to thank Kate Wolford,

Aaron Brandt, and Paige Lundy for help with sample preparation and

analysis. A.W.B. and J.H. were supported by National Research Ini-

tiative Grant 2007-35200-18298 from the USDA National Institute of

Food and Agriculture. The research was also supported in part by the

University of Nebraska Agricultural Research Division with funds

provided through the Hatch Act. Portions of this work were conducted

in facilities remodeled with support from National Institutes of Health

(NIH RR016544-01).

Conflict of interest None of the authors have any conflicts of

interest to disclose.

References

1. Demonty I, Ras RT, van der Knaap HCM, Duchateau GSMJE,

Meijer L, Zock PL, Geleijnse JM, Trautwein EA (2009)

Continuous dose-response relationship of the LDL-cholesterol-

lowering effect of phytosterol intake. J Nutr 139:271–284. doi:

10.3945/jn.108.095125

2. Slota T, Kozlov NA, Ammon HV (1983) Comparison of cho-

lesterol and beta-sitosterol: effects on jejunal fluid secretion

induced by oleate, and absorption from mixed micellar solutions.

Gut 24:653–658

3. Nagadome S, Okazaki Y, Lee S, Sasaki Y, Sugihara G (2001)

Selective solubilization of sterols by bile salt micelles in water: a

thermodynamic study. Langmuir 17:4405–4412. doi:

10.1021/la010087h

4. Matsuoka K, Kajimoto E, Horiuchi M, Honda C, Endo K (2010)

Competitive solubilization of cholesterol and six species of ste-

rol/stanol in bile salt micelles. Chem Phys Lipids 163:397–402.

doi:10.1016/j.chemphyslip.2010.03.006

5. Armstrong MJ, Carey MC (1987) Thermodynamic and molecular

determinants of sterol solubilities in bile salt micelles. J Lipid Res

28:1144–1155

6. Woollett LA, Wang Y, Buckley DD, Yao L, Chin S, Granholm N,

Jones PJH, Setchell KDR, Tso P, Heubi JE (2006) Micellar sol-

ubilisation of cholesterol is essential for absorption in humans.

Gut 55:197–204. doi:10.1136/gut.2005.069906

7. Jesch ED, Carr TP (2006) Sitosterol reduces micellar cholesterol

solubility in model bile. Nutr Res 26:579–584

8. Rasmussen HE, Guderian DMJ, Wray CA, Dussault PH, Schlegel

VL, Carr TP (2006) Reduction in cholesterol absorption is

enhanced by stearate-enriched plant sterol esters in hamsters.

J Nutr 136:2722–2727

9. Brown AW, Hang J, Dussault PH, Carr TP (2009) Plant sterol and

stanol substrate specificity of pancreatic cholesterol esterase.

J Nutr Biochem. doi:10.1016/j.jnutbio.2009.04.008

10. Xie M, Qiu A, He Y (2004) Catalytic hydrogenation of stig-

masterol to sitostanol. Jingxi Huagong 21:735–737

11. Kircher HW, Rosenstein FU (1973) Hydrogenation of stigmas-

terol. Lipids 8:101–106

12. Cowles RL, Lee J, Gallaher DD, Stuefer-Powell CL, Carr TP

(2002) Dietary stearic acid alters gallbladder bile acid composi-

tion in hamsters fed cereal-based diets. J Nutr 132:3119–3122

13. Fisher MM, Yousef IM (1973) Sex differences in the bile acid

composition of human bile: studies in patients with and without

gallstones. Can Med Assoc J 109:190–193

14. Cohen DE, Carey MC (1990) Rapid (1 hour) high performance

gel filtration chromatography resolves coexisting simple

micelles, mixed micelles, and vesicles in bile. J Lipid Res

31:2103–2112

15. Folch J, Lees M, Sloane Stanley GH (1957) A simple method for

the isolation and purification of total lipides from animal tissues.

J Biol Chem 226:497–509

16. Nichols JW, Ozarowski J (1990) Sizing of lecithin-bile salt mixed

micelles by size-exclusion high-performance liquid chromatog-

raphy. Biochemistry 29:4600–4606

17. O’Neill FH, Sanders TAB, Thompson GR (2005) Comparison of

efficacy of plant stanol ester and sterol ester: short-term and

longer-term studies. Am J Cardiol 96:29D–36D. doi:

10.1016/j.amjcard.2005.03.017

18. Grundy SM, Metzger AL (1972) A physiological method for

estimation of hepatic secretion of biliary lipids in man. Gastro-

enterology 62:1200–1217

19. National Institutes of Health (2002) Third Report of the National

Cholesterol Education Program (NCEP) Expert Panel on Detec-

tion, Evaluation, and Treatment of High Blood Cholesterol in

Lipids (2010) 45:855–862 861

123

http://dx.doi.org/10.3945/jn.108.095125
http://dx.doi.org/10.1021/la010087h
http://dx.doi.org/10.1016/j.chemphyslip.2010.03.006
http://dx.doi.org/10.1136/gut.2005.069906
http://dx.doi.org/10.1016/j.jnutbio.2009.04.008
http://dx.doi.org/10.1016/j.amjcard.2005.03.017


Adults (Adult Treatment Panel III) final report. Circulation

106:3143–3421

20. Nissinen M, Gylling H, Vuoristo M, Miettinen TA (2002)

Micellar distribution of cholesterol and phytosterols after duo-

denal plant stanol ester infusion. Am J Physiol Gastrointest Liver

Physiol 282:G1009–G1015. doi:10.1152/ajpgi.00446.2001

21. Armand M, Borel P, Pasquier B, Dubois C, Senft M, Andre M,

Peyrot J, Salducci J, Lairon D (1996) Physicochemical charac-

teristics of emulsions during fat digestion in human stomach and

duodenum. Am J Physiol 271:G172–G183

22. Jones PJH, Demonty I, Chan Y, Herzog Y, Pelled D (2007) Fish-

oil esters of plant sterols differ from vegetable-oil sterol esters in

triglycerides lowering, carotenoid bioavailability and impact on

plasminogen activator inhibitor-1 (PAI-1) concentrations in

hypercholesterolemic subjects. Lipids Health Dis 6:28. doi:

10.1186/1476-511X-6-28

23. Micallef MA, Garg ML (2008) The lipid-lowering effects of

phytosterols and (n-3) polyunsaturated fatty acids are synergistic

and complementary in hyperlipidemic men and women. J Nutr

138:1086–1090

24. Matsuoka K, Nakazawa T, Nakamura A, Honda C, Endo K,

Tsukada M (2008) Study of thermodynamic parameters for

solubilization of plant sterol and stanol in bile salt micelles.

Chem Phys Lipids 154:87–93. doi:10.1016/j.chemphyslip.

2008.05.002

25. Matsuoka K, Hirosawa T, Honda C, Endo K, Moroi Y, Shibata O

(2007) Thermodynamic study on competitive solubilization of

cholesterol and beta-sitosterol in bile salt micelles. Chem Phys

Lipids 148:51–60. doi:10.1016/j.chemphyslip.2007.04.007

26. Clifton PM, Mano M, Duchateau GSMJE, van der Knaap HCM,

Trautwein EA (2008) Dose-response effects of different plant

sterol sources in fat spreads on serum lipids and C-reactive pro-

tein and on the kinetic behavior of serum plant sterols. Eur J Clin

Nutr 62:968–977. doi:10.1038/sj.ejcn.1602814

27. Mattson FH, Volpenhein RA, Erickson BA (1977) Effect of plant

sterol esters on the absorption of dietary cholesterol. J Nutr

107:1139–1146

28. Homan R, Hamelehle KL (1998) Phospholipase A2 relieves

phosphatidylcholine inhibition of micellar cholesterol absorption

and transport by human intestinal cell line Caco-2. J Lipid Res

39:1197–1209

29. Penumetcha M, Khan-Merchant N, Parthasarathy S (2002)

Enhanced solubilization and intestinal absorption of cholesterol

by oxidized linoleic acid. J Lipid Res 43:895–903

862 Lipids (2010) 45:855–862

123

http://dx.doi.org/10.1152/ajpgi.00446.2001
http://dx.doi.org/10.1186/1476-511X-6-28
http://dx.doi.org/10.1016/j.chemphyslip.2008.05.002
http://dx.doi.org/10.1016/j.chemphyslip.2008.05.002
http://dx.doi.org/10.1016/j.chemphyslip.2007.04.007
http://dx.doi.org/10.1038/sj.ejcn.1602814


ORIGINAL ARTICLE

Lipid Profiling Reveals Tissue-Specific Differences
for Ethanolamide Lipids in Mice Lacking Fatty Acid Amide
Hydrolase

Aruna Kilaru • Giorgis Isaac • Pamela Tamura •

David Baxter • Scott R. Duncan • Barney J. Venables •

Ruth Welti • Peter Koulen • Kent D. Chapman

Received: 16 June 2010 / Accepted: 29 July 2010 / Published online: 17 August 2010

� AOCS 2010

Abstract N-Acylethanolamines (NAE) are fatty acid

derivatives, some of which function as endocannabinoids

in mammals. NAE metabolism involves common (phos-

phatidylethanolamines, PEs) and uncommon (N-acylpho-

sphatidylethanolamines, NAPEs) membrane phospholipids.

Here we have identified and quantified more than a hundred

metabolites in the NAE/endocannabinoid pathway in mouse

brain and heart tissues, including many previously unre-

ported molecular species of NAPE. We found that brain

tissue of mice lacking fatty acid amide hydrolase

(FAAH-/-) had elevated PE and NAPE molecular species

in addition to elevated NAEs, suggesting that FAAH

activity participates in the overall regulation of this path-

way. This perturbation of the NAE pathway in brain was not

observed in heart tissue of FAAH-/- mice, indicating that

metabolic regulation of the NAE pathway differs in these

two organs and the metabolic enzymes that catabolize

NAEs are most likely differentially distributed and/or reg-

ulated. Targeted lipidomics analysis, like that presented

here, will continue to provide important insights into cel-

lular lipid signaling networks.

Keywords FAAH � Endocannabinoids �
N-Acylethanolamines � Lipid profiling � Lipid signaling �
Lipid mediators � Mass spectrometry
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PS Phosphatidylserine

SM Sphingomyelin

WT Wild type

X:Y Designates carbon chain length: total number of

carbon–carbon double bonds

Introduction

Endocannabinoids are endogenous lipid mediators that

bind to and activate cannabinoid receptors in mammals to

regulate a wide range of physiological and behavioral

processes [1, 2]. The first endocannabinoid discovered was

anandamide [3], or N-arachidonylethanolamine (a type of

N-acylethanolamine, 20:4 NAE). It was promptly revealed

that anandamide and other members of its class are gen-

erated as part of a metabolic pathway involving the com-

mon membrane lipid phosphatidylethanolamine (PE) and

an unusual N-acylated derivative of PE, N-acylpho-

sphatidylethanolamine (NAPE; reviewed in [4]). Although

earlier research had established the metabolic relationship

between these lipid classes in mammals and characterized

the enzyme activities involved [5], molecular identification

of fatty acid amide hydrolase (FAAH) was a critical step,

leading to the ability to perturb the NAE metabolic path-

way in order to further elucidate the pathway’s physio-

logical functions [6–8].

The overall pathway, termed the N-acylation-phospho-

diesterase pathway, has more recently been designated the

‘‘endocannabinoid signaling pathway’’ to reflect its physi-

ological function [9, 10]. However, this designation does

not indicate the role of the pathway during response to

ischemia; in fact, most of the early metabolic studies of this

pathway were related to observations that both NAE and

NAPE contents were elevated markedly in ischemic brain

and heart tissues [11–14]. The overall endocannabinoid

pathway, the structures of representative principal metab-

olite classes, and key enzymatic steps are summarized in

Fig. 1.

Although the function of the endocannabinoid pathway

relies mostly on the production and turnover of bioactive

NAEs, the precursor pools of NAPEs can determine the

prevailing mix of endogenous NAEs [4]. Indeed, a concept

called the ‘‘entourage effect’’ has been proposed to explain

how abundant NAE molecular species that do not activate

cannabinoid receptors can influence the activity of minor

components, such as 20:4 NAE, that do activate receptors.

To date, the many ethanolamine lipid components of the

NAE-metabolic pathway have rarely been profiled com-

prehensively and concomitantly [15–17]. Here, we employ

a targeted lipidomics approach to exhaustively identify and

quantify the major and minor PE, NAPE, and NAE species

in mouse heart and brain tissues and examine the impact of

the loss of FAAH in FAAH-/- mice [18] on the metabo-

lites of the endocannabinoid pathway.

In the current work, O-diacyl and O-alk(en)yl,O-acyl PE

and NAPE molecular species were identified directly in

lipid extracts by electrospray ionization mass spectrometry

(ESI-MS) using neutral loss scans and quantifying in

relation to internal standards. NAEs were identified by

GC-MS after chromatographic clean-up and quantified by

isotope dilution MS, using procedures similar to those

developed elsewhere [19]. Our results detail the metabo-

lites of this important lipid signaling pathway. Moreover,

Fig. 1 N-acylethanolamine

(NAE) metabolism in mammals.

NAEs are derived from the

hydrolysis of a minor membrane

lipid, N-acylphosphatidy-

lethanolamine (NAPE), by a

phospholipase D (PLD) and are

hydrolyzed by a fatty acid

amide hydrolase (FAAH) into

ethanolamine and free fatty acid

(FFA). NAPEs are synthesized

from free fatty acid (FFA) via a

coordinated acyltransferase-

transacylase reaction in which

the sn-1-O-acyl moiety of

phosphatidylcholine (PC)

generated is transferred

to the N-atom of

phosphatidylethanolamine (PE)

864 Lipids (2010) 45:863–875
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the results suggest that ablation of FAAH in brain tissue

results in dysregulation throughout the pathway, not just in

anandamide content, as previously reported, while similar

effects were not apparent in heart tissue [18, 20]. Com-

prehensive profiling approaches like those utilized here

enable understanding of the metabolic regulation of

important signaling pathways.

Experimental Procedures

Animals and Tissue Extracts

FAAH-/- mice were kindly provided by Dr. Benjamin F.

Cravatt, The Scripps Research Institute, La Jolla, CA, and

were genotyped as described previously [18]. Wild-type

littermate control mice were used for comparisons. Ani-

mals were kept in a temperature-controlled room with 12-h

light/dark cycles and free access to food and water. Animal

use and care were reviewed and approved by the Institu-

tional Animal Care and Use Committee. For each treat-

ment, after euthanasia, brains and heart tissue from five

animals were removed and flash frozen in liquid nitrogen.

Lipid Extractions

For glycerolipid analyses, tissues were homogenized with

hot 2-propanol (70�C) with glass beads by beating for five

30-s bursts and combined with chloroform (0.45 g

FW:2 ml 2-propanol:1 ml chloroform), and incubated on

ice for 30 min before extracting overnight at 4�C. Mono-

phasic lipid extracts were partitioned with chloroform and

1 M KCl (1:2 v/v). The lower organic phase was collected

and washed three additional times with 2 volumes of 1 M

KCl. Extracts were stored under nitrogen at -80�C until

further analysis.

Phospholipid Analysis and Quantification

An automated electrospray ionization (ESI)-tandem mass

spectrometry approach was used, and data acquisition was

carried out as described previously [22] with modifications.

Dried mouse brain and heart lipid extracts were dissolved

in 1 ml chloroform/methanol (9:1). An aliquot of 2–30 ll

of extract, equivalent to 0.5–2 mg tissue FW, was used.

Precise amounts of internal standards, obtained and quan-

tified as previously described [24], were added in the fol-

lowing quantities (with some small variation in amounts in

different batches of internal standards): 0.66 nmoles of

di14:0 PC, di24:1 PC, 13:0 lysoPC, and19:0 lysoPC, 0.36

nmoles of di14:0 PE, di24:1 PE, 14:0 lysoPE, 18:0 lysoPE,

di14:0 PA, and di20:0 (phytanoyl) PA, 0.24 nmol di14:0

PS and di20:0 (phytanoyl) PS, 0.20 nmoles of 16:0–18:0

PI, and 0.16 nmoles of di18:0 PI. Solvent was added to the

sample/standard mixture so that the final ratio of chloro-

form/methanol/300 mM ammonium acetate in water was

approximately 300:665:35, and the final volume was

1.3 ml.

Mass spectra were acquired on a triple quadrupole MS/

MS system (API 4000, Applied Biosystems, Foster City,

CA). Unfractionated samples were introduced by continu-

ous infusion into the Turbo V ESI source at 30 ll/min

using an autosampler (LC Mini PAL, CTC Analytics AG,

Zwingen, Switzerland) fitted with the required injection

loop for the acquisition time. Sequential precursor and

neutral loss scans of the extracts produced a series of

spectra, with each spectrum revealing a set of lipid species

containing a common head group fragment. Lipid species

were detected in positive mode with the following scans:

PC and lysoPC, [M ? H]? ions with precursors of 184.1

(Pre 184.1); PE and lysoPE, [M ? H]? ions with neutral

loss of 141.0 (NL 141.0); PI, [M ? NH4]? ions with NL

277.0; PS, [M ? H]? ions with NL 185.0; and PA,

[M ? NH4]? ions with NL 115.0. The ion spray voltage

was set at ?5.5 kV, the source temperature at 1008C, the

curtain gas at 20 (arbitrary units), and the ion source gases

at 45 (arbitrary units); the interface heater was on.

Declustering potentials were ?100 V. Entrance potentials

were ?15 V for PE and ?14 V for PC, PI, PA, and PS.

Exit potentials were ?11 V for PE and ?14 V for PC, PI,

PA, and PS. The collision gas, nitrogen, was set at 2

(arbitrary units). The collision energies were ?28 V for

PE, ?40 V for PC, and ?25 V for PI, PS and PA. The

mass analyzers were adjusted to a resolution of 0.7 u full

width at half height. For each spectrum, 8–80 continuum

scans were collected in multiple channel analyzer (MCA)

mode at a scan speed of 50 or 100 u per s.

The data were smoothed, the background of each

spectrum was subtracted, and the peaks were centroided

and integrated using custom script and Applied Biosystems

Analyst software. Peaks corresponding to the target lipids

in these spectra were identified, the data were corrected for

isotopic overlap, and molar amounts were calculated in

comparison to the internal standards in the same lipid class.

A sample containing internal standard mixture only was

also run through the same series of scans to correct for

chemical or instrumental noise. The molar amounts of each

lipid metabolite detected in the ‘‘internal standards-only’’

spectra were subtracted from the molar amounts of each

metabolite calculated from the experimental mouse sample

spectra. The ‘‘internal standards-only’’ spectra were used to

correct the data from the following nine samples run on the

instrument. Finally, the data were adjusted to account for

the fraction of sample analyzed and normalized to the

sample fresh weight. Data were reported as nmol or lmol

of each detected lipid metabolite/g tissue FW. Measured

Lipids (2010) 45:863–875 865
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metabolite species include both diacyl and alk(en)yl,acyl

glycerophospholipids. Although these two groups may

exhibit some differences in mass spectral response, values

for the alk(en)yl,acyl (as well as diacyl) species were

quantified in relation to the diacyl/monoacyl phospholipid

internal standards, and no response correction factors were

employed for the alk(en)yl,acyl species.

NAPE Standard Acquisition and Synthesis

C17:0 fatty acid chloride was purchased from Nu-Check

Prep (Elysian, MN); 1,2-dihexadecanoyl-sn-glycero-3-pho-

sphoethanolamine (di16:0 PE) and 1,2-dioleoyl-sn-glycero-

3-phospho(N-arachidonoyl)ethanolamine (N-20:4 di18:1

PE) were from Avanti Polar Lipids (Alabaster, AL); 1-2-dip-

almitoyl-sn-glycero-3-phospho(N-palmitoyl)ethanolamine

(N-16:0 di16:0 PE) was from Sigma-Aldrich (St. Louis,

MO); TLC plates (10 9 20 cm, scored, HPTLC-GHL silica

gel, 150 lm) were from Analtech (Newark, DE). Other

organic solvents and reagents were of the highest purity

commercially available.

The NAPE molecular species N-17:0 di16:0 PE was

prepared as described previously [23], with modifications.

Briefly, C17:0 fatty acid chloride was reacted with a two-fold

molar excess of di16:0 PE. The reaction was conducted in

dichloromethane at 25�C for 2 h, using triethylamine as a

catalyst. The products were washed with water and frac-

tionated by silica gel TLC (chloroform/methanol/ammonia,

65:35:4) to separate the desired product NAPE species from

unreacted PE and fatty acid chloride. The calculated reten-

tion factors for NAPE and PE were 0.60 and 0.40, respec-

tively. Both the purchased and synthesized NAPE species

were quantified by phosphate assay [25].

NAPE Analysis and Quantification

As noted above in the phospholipid analysis section, dried

mouse brain and heart lipid extracts were dissolved in

chloroform/methanol (9:1). The same sample solutions

were used for both phospholipid and NAPE analysis. The

synthesized N-17:0 di16:0 PE was employed as an internal

standard to quantify the NAPE species in the sample

extracts. N-17:0 di16:0 PE (1.1 nmole) was added to an

aliquot of extract equivalent to 6–25 mg tissue FW. Sol-

vent was added to the sample/standard mixture so that the

final ratio of chloroform/methanol/300 mM ammonium

acetate in water was 300:665:35, and the final volume was

1.3 ml.

Mass spectra were acquired on a triple quadrupole MS/

MS system (API 4000 QTrap, Applied Biosystems, Foster

City, CA). Unfractionated samples were introduced by

continuous infusion into the Turbo V ESI source at

30 ll/min using an autosampler (LC Mini PAL, CTC

Analytics AG, Zwingen, Switzerland) fitted with the

required injection loop for the acquisition time. Sequential

neutral loss scans produced a series of spectra, with each

spectrum revealing a set of lipid species containing a

common ammoniated N-fatty amide head group fragment

corresponding to each common fatty acid. Lipids were

detected in positive ion mode as [M ? NH4]? ions with the

following scans: N-16:0 species with NL 396.3, N-18:2

species with NL 420.3, N-18:1 species with NL 422.3,

N-18:0 species with NL 424.3, N-20:4 species with NL

444.3, N-22:6 species with NL 468.3, and N-22:5 species

with NL 470.3. A scan for N-17:0 species (NL 410.3) was

included in order to detect the internal standard. The

declustering potential was set at ?60 V, the entrance

potential at ?8 V, and the exit potential at ?15 V. The ion

spray voltage was set at ?5.5 kV. The collision gas,

nitrogen, was set at 2 (arbitrary units), and the collision

energy was ?45 V. The source temperature, curtain gas,

ion source gases, interface heater, and mass analyzers were

adjusted as for phospholipid analysis. For each spectrum,

100 cumulative scans were collected in multiple channel

analyzer (MCA) mode at a scan speed of 50 u per s.

The data were smoothed, the background of each

spectrum was subtracted, and the peaks were centroided

and integrated using custom script and Applied Biosystems

Analyst software. Peaks corresponding to the target lipids

in each N-acyl class (each spectrum) were identified, the

data were corrected for isotopic overlap due to the diac-

ylglycerol portion of NAPE, and molar amounts were

quantified relative to the N-17:0 di16:0 PE internal stan-

dard. A sample containing only the N-17:0 di16:0 PE

standard was subjected to the same series of scans. The

molar amounts of each lipid metabolite detected in the

‘‘standard-only’’ spectra were subtracted from the molar

amounts of each metabolite calculated from the experi-

mental mouse sample spectra to correct for chemical or

instrumental noise. The ‘‘standard-only’’ spectra were used

to correct the data from the following nine samples run on

the instrument. Finally, the data were corrected for isotopic

overlap between head groups (NL fragments), adjusted to

account for the fraction of sample analyzed, and normal-

ized to the sample fresh weight. Due to the presence in the

NL 444.3 scan of peaks with m/z inconsistent with NAPEs

in the m/z range of N-20:4-e40:7, N-20:4-e40:6, N-20:

4-40:8, and N-20:4-40:7 NAPEs, these compounds were

not measured in brain tissues. The interfering compounds

were not present in the spectra of mouse heart tissue. Data

were reported as mass spectral signal normalized to N-17:0

di16:0 PE/g tissue FW; the amount of signal produced by

1 pmol of N-17:0 di16:0 PE is 1. Data were evaluated for

possible outliers using the Q-test [26] on NAPE lipid class

totals; one FAAH (-/-) mouse brain replicate (out of 5) was

determined to be an outlier and was removed from
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calculations. Measured species include both N-acylated

diacyl and N-acylated alk(en)yl,acyl glycerophospholipids.

As described for the phospholipid species, no response

correction factors were employed for the alk(en)yl,acyl

species.

Validation of NAPE Quantitation Method

Three experiments were performed to validate the above

sequential NL scanning method for NAPE quantitation. To

assess the linearity of the response, varied amounts

(10–1,000 pmol) of the purchased N-16:0 di16:0 PE and

N-20:4 di18:1 PE were analyzed in the presence of

200 pmol of the synthesized N-17:0 di16:0 PE internal

standard. An abbreviated mass spectral analysis with scans

for N-16:0, N-20:4, and N-17:0 NAPEs was performed on

the API 4000 mass spectrometer. Responses of the N-16:0

di16:0 PE and N-20:4 di18:1 PE signals relative to the

N-17:0 standard were measured.

The ability of ESI-MS/MS NAPE profiling to detect

small changes in NAPE molecular species levels was also

evaluated. Purchased N-16:0 di16:0 PE and N-20:4 di18:1

PE were utilized. Stepwise-increasing known amounts of

these two species (4, 8, 20, and 60 pmol for the N-16:0

compound; 5, 10, 25, and 75 pmol for the N-20:4 com-

pound) were spiked into samples containing roughly a

10 mg FW equivalent of a mixture of WT and FAAH-/-

mouse brain extract. Each sample also contained 100 pmol

of the synthesized N-17:0 di16:0 PE internal standard. An

abbreviated mass spectral analysis with scans for N-16:0,

N-20:4, and N-17:0 NAPE was performed on the API 4000

QTrap mass spectrometer. Responses of the targeted

N-16:0 and N-20:4 compounds relative to the N-17:0

standard were calculated.

The variation in mass spectral response due to variation

in the amount of biological sample analyzed was also

examined. Samples were prepared with varying amounts of

a mixture of WT and FAAH-/- mouse brain extract,

approximately equivalent to 3.5, 7, 14, and 28 mg FW, and

200 pmol of the synthesized N-17:0 di16:0 PE internal

standard. The full mass spectral analysis, with scans for

N-16:0, N-18:2, N-18:1, N-18:0, N-20:4, N-22:6, N-22:5,

and N-17:0, was performed on the API 4000 QTrap mass

spectrometer. Data were processed as described above and

reported as mass spectral signal of each targeted NAPE

species relative to the N-17:0 di16:0 PE internal standard.

NAE Analyses

NAE extraction and purification were conducted as

described by Muccioli and Stella [29]. Brain and heart tis-

sues (mean fresh weights of 425 mg and 170 mg, respec-

tively) from FAAH-/- and WT animals were removed from

-80�C storage and homogenized in ice cold chloroform

(1 ml per 100 mg of fresh tissue) using a glass tissue

grinder. The homogenate was placed in an ultrasonic bath

(60 W) for 2 min to disrupt cells. The extract was combined

with 10 ml of ice cold chloroform containing deuterated

NAE standards (D4-NAE 16:0 and D4-NAE 20:4, Cayman

Chemical Co., Ann Arbor, MI; 50 ng each). Lipids were

extracted by extraction (4:2:1 chloroform:methanol:water)

by the addition of 5 ml cold methanol and 2.5 ml cold PBS

buffer and returned to an ice cold ultrasonic (60 W) water

bath for 10 min, followed by centrifugation. The organic

phase was collected for further purification by solid phase

extraction.

Silica SPE cartridges (100 mg, 1.5 ml; Grace Davison

Discovery Sciences, Deerfield, IL) were conditioned with

2 ml methanol followed by 4 ml chloroform and, sub-

sequent to loading the samples, the column was washed

with 2 ml chloroform, and NAEs were eluted with 2 ml of

1:1 (v/v) ethyl acetate:acetone. The eluate was collected,

evaporated under nitrogen, and derivatized with 50 ll

BSTFA (Fisher Scientific, Houston, TX) and 25 ll

dichloromethane for 30 min at 55�C. After derivatization,

the samples were again evaporated under nitrogen and

reconstituted in 50 ul hexane.

NAEs were identified via selective ion monitoring and

quantified against the internal deuterated standards (satu-

rated species against deuterated NAE 16:0 and unsaturated

species against deuterated NAE 20:4) as TMS-ether

derivatives by gas chromatography/mass spectrometry

(model 6890 GC coupled with a 5973 mass selective

detector; Agilent, Wilmington DE), as described previ-

ously [21]. NAE concentration was calculated based on

fresh weight.

Results

In previous work, methods for analysis of NAEs by GC-

MS [21] and phospholipids by direct infusion electrospray

ionization mass spectrometry [27] were developed. Here,

in order to comprehensively analyze lipids in the NAE

biosynthetic pathway, we developed a method for direct

infusion electrospray ionization mass spectrometry analysis

of NAPE species. In solvent containing ammonium acetate,

NAPE species form positively charged ammonium adducts

[M ? NH4]? by electrospray ionization. By collision-

induced dissociation, the ammonium adducts of NAPEs

can be fragmented into a neutral head group fragment and a

charged diradylglycerol (i.e., diacylglycerol or alk(en)yl,

acylglycerol) fragment (Fig. 2). Scanning for neutral loss

of an ammoniated N-fatty amide head group in a triple

quadrupole mass spectrometer produces a spectrum

revealing the NAPE molecular species that contain the
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fragment, in other words, a spectrum of the NAPE class

(Fig. 3). Sequential scanning for neutral loss of ammoni-

ated N-fatty amide head groups corresponding to each

common fatty acid provides a method to detect the

molecular species of NAPE in all N-acyl classes (Fig. 3).

To determine whether neutral loss scanning provides an

appropriate method for quantification, the linearity of the

mass spectral response of the neutral loss scans was inves-

tigated (Fig. 4). The signals for two pure NAPEs were

determined in relation to the signal from a known quantity of

an internal standard, N-17:0 di16:0 PE. The response was

determined to be linear, but both N-16:0 di16:0 PE and

N-20:4 di18:1PE produced somewhat less signal per mole

than N-17:0 di16:0 PE. This suggests that different NAPE

molecular species vary somewhat in their ability to ionize

and/or to undergo fragmentation under particular fixed mass

spectral conditions. On the other hand, a spike-in experiment

in which pure NAPE species were added to a biological

mixture of lipids showed that their mass spectral signals,

normalized to the N-17:0 di16:0 PE internal standard, were

approximately proportional to the amount of each NAPE

species added (Fig. 5). Finally, varying amounts of the bio-

logical sample while holding the level of internal standard

constant resulted in normalized mass spectral responses

proportional to the amount of sample added (Fig. 6). Taken

together, the data in Fig. 3 through 6 show that, although

response factors for individual NAPE molecular species vary

(Fig. 3), the NAPE analysis provides a reliable means to

compare levels of NAPE species among samples.

Endocannabinoid metabolism is influenced by both

phospholipase D (PLD)-mediated hydrolysis of NAPE and

FAAH-mediated breakdown of NAEs (Fig. 1). We exam-

ined the effect of FAAH disruption on the content and

composition of NAE and various phospholipids, including

NAPE and PE, in brain and heart tissue of wild-type and

FAAH-/- mice. Total levels are summed from the indi-

vidual molecular species. The data show that lipid content

was generally higher in brain than in the heart tissue

(Fig. 7). Compared to brain, heart phospholipids had little

PS or PA. Both total NAE and PE content were signifi-

cantly elevated in brain tissue of FAAH-/- mice compared

to the wild-type controls. On the other hand, in heart tissue

there was a significant increase only in PE, PI, and lysoPC

content, while NAE content was the same between

FAAH-/- and control mice.

To examine the relationship between NAE composition

and the NAPE precursor pool, NAPEs were quantified

according to N-acyl head group and these NAPE classes

Fig. 2 Collision induced fragmentation of the ammonium adduct of

N-16:0 PE

Fig. 3 Neutral loss scans

targeting analysis of NAPE

species with varying N-acyl

groups. From top to bottom

panels, the scans target N-16:0

PE (NL 396.3), N-18:2 PE (NL

420.3), N-18:1 PE (NL 422.3),

N-18:0 PE (NL 424.3), N-20:4

PE (NL 444.3), N-22:6 PE (NL

468.3), and N-22:5 PE (NL

470.3) in mouse heart extract

corresponding to 6–25 mg FW.

The labels indicate the diacyl

component (total acyl carbons:

total carbon–carbon double

bonds) of each detected NAPE

868 Lipids (2010) 45:863–875

123



were compared to the principal NAE types. Absolute

quantities of NAPE and NAE and their composition were

quite different between brain and heart tissue of mice

(Figs. 8 and 9, respectively). The significantly higher level

of NAE in the brain tissue of FAAH-/- mice, as compared

to wild-type mice, was attributable mostly to 16:0 NAE

(Fig. 8); the level of N-16:0 PE was also significantly

higher in the brain tissue of FAAH-/- mice, as compared to

wild-type mice. The concentration of 18:0 NAE species

was higher in brain tissue of FAAH-/- mice as well. In

contrast to predominant 16:0 NAEs and N-16:0 PEs in

brain, heart tissue did not reveal a prevalent NAPE class or

NAE type. Murine hearts showed no differences between

FAAH-/- and wild-type animals in NAE types or NAPE

classes. This suggests that FAAH disruption has a con-

siderably greater effect on steady-state levels of endocan-

nabinoid pathway metabolites in brain tissue than in heart

tissue. Major differences in steady-state anandamide levels

in brain extracts between FAAH-/- mice and wildtype

littermates were not evident in our studies, which was

inconsistent with previous reports quantifying 15-fold

higher anandamide levels in brain tissues of FAAH-/-

mice compared to FAAH?/? mice [20, 28]. Differences

may be due to organ preparation (euthanasia rather than

decapitation) and/or tissue extraction procedures since

anandamide levels seem to be particularly sensitive to

preparation methods [29]. Nonetheless, the principal satu-

rated NAE types (NAE18:0 and NAE16:0) quantified in

our samples showed a significant elevation in brain tissues

of knockout mice as expected (Fig. 8).

Fig. 4 Linearity of the mass spectral response. Varying amounts of

N-16:0 di16:0 PE and N-20:4 di18:1 PE were combined with

200 pmol of internal standard N-17:0 di16:0 PE. Neutral loss signals

for each NAPE molecular species are presented in relation to the

signal from the internal standard; the amount of signal produced by

1 pmol of N-17:0 di16:0 PE is 1. N = 5 ± SD

Fig. 5 The ability of ESI-MS/MS lipid profiling to detect small

changes in NAPE molecular species. The lipid species in roughly

10 mg FW of mouse brain were analyzed and, to demonstrate the

ability of the lipid profiling methodology to detect changes, small,

known amounts of specific lipid species were added to the extract.

One hundred pmol of internal standard N-17:0 di16:0 PE was added

to each sample to provide quantitation. Neutral loss scans were

performed as described in Experimental Procedures. Signals for each

NAPE molecular species are presented in relation to the signal of

internal standard N-17:0 di16:0 PE; the amount of signal produced by

1 pmol of N-17:0 di16:0 PE is 1. The additions of the lipid species

indicated by the asterisks varied over a 15-fold range (with bars for

each species representing no addition, 19 addition, 29 addition, 59

addition, and 159 addition). Specifically, the black bars (first series)

represent the composition of the extract. The light gray bars (second

series) represent extract with 4 pmol N-16:0 di16:0(32:0) PE and

5 pmol N-20:4 di18:1(36:2) PE added. The white bars (third series)

represent extract with 8 pmol N-16:0 di16:0(32:0) PE and

10 pmol N-20:4 di18:1(36:2) PE added. The dark gray bars (fourth

series) represent extract with 20 pmol N-16:0 di16:0(32:0) PE and

25 pmol N-20:4 di18:1(36:2) PE added. The hatched bars (fifth

series) represent extract with 60 pmol N-16:0 di16:0(32:0) PE and

75 pmol N-20:4 di18:1(36:2) PE added. Designations for diradyl

molecular species are: numbers only represent diacyl species as total

acyl carbons: total carbon–carbon double bonds; e before a number

indicates an ether-linked (alk(en)yl,acyl) species as total alk(en)yl ?

acyl carbons: total carbon–carbon double bonds, including any vinyl

ether bonds present. ‘‘X’’ indicates molecular species that were not

determined (see ‘‘Experimental Procedures’’). N = 5 ± SD
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Although useful for visualizing potential NAE precur-

sors, grouping of NAPE species by common N-acyl chains

(Figs. 8, 9) does not reveal the remarkable complexity of

NAPEs. Therefore, a detailed molecular species profile of

NAPE was generated for brain and heart tissue of wild-type

and FAAH-/- mice (Figs. 10, 11). In brain tissue of mice,

the most abundant molecular species with 16:0 at the

N-position contained PE 36:2, 36:1, 38:6, 38:4, and 40:6,

where the species are indicated by total acyl carbons:total

carbon–carbon double bonds in the combined acyl chains

in the 1 and 2 positions on the glycerol (Fig. 10). Many

N-16:0-containing species were significantly elevated in

knockout mice compared to wild type, suggesting that the

elevation of the N-16:0 PE molecular species in FAAH-/-

mice affected those molecular species already prevalent in

wild-type mice. N-18:2-containing NAPE molecular spe-

cies were much less abundant overall; only five molecular

species were quantified at more than 0.1 nmol/g FW, and

none of these were elevated in FAAH-/- brain tissue

(Fig. 10). N-18:1 and N-18:0 molecular species were

somewhat more abundant and distributed among diradyl

species in a manner similar to N-16:0 PEs; several

molecular species were significantly higher in the

FAAH-/- knockout tissues (Fig. 10). The anandamide-

containing (N-20:4) NAPE pool was relatively minor in

terms of overall abundance, and this subgroup showed no

differences between wild-type and FAAH-/- in terms of

quantity or composition. Similarly, the N-22:6 PE molec-

ular species were not very abundant, and the N-22:5 PE

class was very minor in brain tissue, with only a few

molecular species identified in this subgroup. There were

no significant differences in N-22:6 and N-22:5 PE species

between wild-type and FAAH-/- mice.

Similar to brain tissue, murine heart tissue showed

complexity in the molecular species composition of NAPE

(Fig. 11). Some differences were immediately evident

between heart and brain NAPE molecular species. First, the

content of all NAPE molecular species in heart tissue was

two- to four-fold less than in the brain tissue (compare

NAPE class data in Figs. 8 and 9), and there was no dif-

ference in molecular species content of any NAPE type in

heart tissue of FAAH-/- mice compared to wild type

(Fig. 11).

Comparisons of PC and PE compositions of brain and

heart (Figs. 12, 13) show that the diradyl compositions of

these two major phospholipid classes are quite different

from each other. In brain, 40:6 PE was the most abundant

diradyl species for N-acylation, with 36:1, 38:6, and 38:4

species also being prominent (Fig. 10). In heart, 40:6 and

38:6 were most prominent with 38:4 and 36:4 also abun-

dant (Fig. 11). These NAPE compositions resemble the PE

compositions (Figs. 12, 13), supporting the notion that

NAPE is derived from PE (Fig. 1).

Discussion

Considerable prior evidence has established the metabolic

relationship of PE, its N-acylation to form NAPE, and the

hydrolysis of NAPE to form the bioactive NAEs (Fig. 1).

Several NAE types have been identified as endogenous

ligands for the cannabinoid receptors, while other types act

on other cellular targets [30–32]. The hydrolysis of the

NAEs (endocannabinoids and others) by FAAH terminates

their lipid mediator functions [8, 33]. Given the broad

range of activities of the NAEs, the enzymes of this

pathway represent important therapeutic targets [34, 35].

Fig. 6 Variation in mass spectral response with variation in amount

of biological sample. Varying amounts of mouse brain extract were

combined with 200 pmol of internal standard N-17:0 di16:0 PE. The

amounts of mouse brain extract corresponded to approximately

3.5 mg FW (black bars, first series), 7 mg FW (light gray bars,

second series), 14 mg FW (white bars, third series), and 28 mg FW

(dark gray bars, fourth series). Neutral loss signals for each NAPE

molecular species are presented in relation to the signal from the

internal standard; the amount of signal produced by 1 pmol of N-17:0

di16:0 PE is 1. Designations for diradyl molecular species are:

numbers only represent diacyl species as total acyl carbons: total

carbon–carbon double bonds; e before a number indicates an ether-

linked (alk(en)yl,acyl) species as total alk(en)yl ? acyl carbons: total

carbon–carbon double bonds, including any vinyl ether bonds present.

‘‘X’’ indicates molecular species that were not determined (see

‘‘Experimental Procedures’’). N = 5 ± SD
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Often less appreciated are the large numbers of metabolites

that are generated in this overall N-acylation-phospho-

diesterase-FAAH pathway, many of which are cellular

lipids with other functions and only some of which are

identified and quantified for their lipid mediator functions.

Targeted lipidomics approaches permit comprehensive

analysis of metabolites involved in a specific lipid meta-

bolic pathway. Recently, sensitive and high-throughput

analytical tools have been established to unravel the bio-

logical significance of individual molecules of the endo-

cannabinoid system in the context of the interconnected

network of their precursors and derivatives [36–38]. How-

ever, these studies were limited mostly to endocannabinoids

that occur in minor quantities relative to the other non-

cannabimimetic members of the large N-acylethanolamide

family. Since we do not fully understand the nature of

selective biosynthesis or degradation of a specific NAE type

Fig. 7 Endogenous

phospholipids and

ethanolamine-containing NAE

metabolites. Total lipid extracts

of brain and heart tissue of wild-

type (WT, black bars) and

FAAH-/- (KO, hatched bars)

mice were analyzed for

phospholipid, including PE and

NAPE and NAE content as

described in ‘‘Experimental

Procedures.’’ Right panels use

right-hand scale and left panels
use left-hand scale. NAPEs are

expressed as normalized

signal/g FW; all others are

expressed as nmol/g FW.

N = 4 or 5 ± SD. Significance

(P \ 0.05) was determined by

unpaired Student’s t test for KO

vs. WT. ‘‘H’’ indicates that the

KO level is significantly higher

than the wild-type value

Fig. 8 Brain NAE species (dark gray bars) and NAPE classes

(hatched bars) in wild-type (WT) and FAAH-/- (KO) mice. N = 4 or

5 ± SD. ‘‘X’’ indicates species that were not determined. Significance

(P \ 0.05) was determined by unpaired Student’s t test for KO vs.

WT. ‘‘H’’ indicates that the KO level is significantly higher than the

wild-type value

Fig. 9 Heart NAE species (dark gray bars) and NAPE classes

(hatched bars) in wild-type (WT) and FAAH-/- (KO) mice. N = 4 or

5 ± SD. ‘‘X’’ indicates species that were not determined. Significance

(P \ 0.05) was determined by unpaired Student’s t test for

KO vs. WT
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or its precursors (Fig. 1), especially under the influence of

genetic perturbations of this regulatory pathway, we used a

targeted lipidomics approach to elucidate changes in the

profiles of PE, NAPE, and NAE in brain and heart tissue of

wild-type and FAAH-/- mice.

Comparison of NAE metabolites and major and minor

phospholipids between brain and heart tissue of mice

revealed some similarities, but also several tissue-specific

differences. The most abundant metabolite of the NAE

regulatory pathway in brain and heart tissue was PE

(Figs. 1, 7). It appears that the relative abundance of spe-

cific PE molecular species in the PE pool determines the

molecular composition of NAPE rather than a preferential

substrate selectivity of N-acyltransferase (Figs. 10 vs. 12

and 11 vs. 13). Furthermore, brain tissue of FAAH-/- mice

showed accumulation of already abundant PE and NAPE

molecular species rather than synthesis and accumulation

of new or less abundant molecular species or remodeling of

the amide-linked fatty acids of NAPE. These data suggest

that lack of FAAH in brain tissue results in accumulation of

NAE species, which may in turn affect the content but not

the composition of the NAE precursor pool. Although total

PE was significantly higher in the heart tissue of FAAH-/-

mice when compared with wild type (Fig. 7), fewer PE

molecular species contributed significantly to the overall

increase in PE content in heart than in brain (Figs. 12, 13).

The lesser FAAH-specific effect on NAE and its metabo-

lites in heart tissue (Figs. 7–13) was not surprising because

FAAH activity was reported to be negligible in heart tissue

of mice [39].

Although the total NAE content was similar between the

two tissue types, it is interesting to note that total PE and

NAPE levels are lower in heart tissue (Fig. 7). Furthermore,

N-16:0 PE and 16:0 NAE were the most predominant species

in brain tissue, while heart tissue did not show prefer-

ence for any specific type (Figs. 8, 9). It is possible that

Fig. 10 Detailed profile of NAPE molecular species from brain tissue

of wild-type (WT) and FAAH-/- (KO) mice. Designations for diradyl

molecular species are: numbers only represent diacyl species as total

acyl carbons: total carbon–carbon double bonds; e before a number

indicates an ether-linked (alk(en)yl,acyl) species as total alk(en)yl ?

acyl carbons: total carbon–carbon double bonds, including any vinyl

ether bonds present. ‘‘X’’ indicates molecular species that were not

determined (see ‘‘Experimental Procedures’’). N = 4 or 5 ± SD.

Significance (P \ 0.05) was determined by unpaired Student’s t test

for KO vs. WT. ‘‘H’’ indicates that the KO level is significantly higher

than the wild-type value
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N-acylethanolamine-hydrolyzing acid amidase, a second

NAE-degrading amidase expressed in the heart and brain

[40], may exhibit differential expression and activity in these

tissues, potentially leading to some of the tissue-specific

differences seen in levels of NAE species in FAAH-/- mice.

The higher levels and distinctive composition of NAPE may

suggest additional brain NAPE roles, such as maintenance of

physical properties of membrane domains [41] and influence

on signaling processes in the brain [42], in addition to serving

as the precursor for NAE synthesis.

Fig. 11 Detailed profile of NAPE molecular species from heart tissue

of wild-type (WT) and FAAH-/- (KO) mice. Designations for diradyl

molecular species are: numbers only represent diacyl species as total

acyl carbons: total carbon–carbon double bonds; e before a number

indicates an ether-linked (alk(en)yl,acyl) species as total alk(en)yl ?

acyl carbons: total carbon–carbon double bonds, including any vinyl

ether bonds present. N = 4 or 5 ± SD. Significance (P \ 0.05) was

determined by unpaired Student’s t test for KO vs. WT

Fig. 12 PC and PE species from brain tissue of wild-type (WT) and

FAAH-/- (KO) mice. Designations for diradyl molecular species are:

numbers only represent diacyl species as total acyl carbons: total

carbon–carbon double bonds; e before a number indicates an ether-

linked (alk(en)yl,acyl) species as total alk(en)yl ? acyl carbons: total

carbon–carbon double bonds, including any vinyl ether bonds present.

N = 4 or 5 ± SD. Significance (P \ 0.05) was determined by

unpaired Student’s t test for KO vs. WT. ‘‘H’’ indicates that the KO

level is significantly higher than the wild-type value
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Comparative analysis of major and minor phospholipids

revealed higher levels of most phospholipids in brain tissue

compared to heart, as expected, perhaps due to overall

higher lipid content in the brain (Fig. 7). However, in

FAAH-/- mice, brain tissue showed accumulation only in

the PE and NAE contents, as discussed earlier. On the other

hand, FAAH-/- heart tissue showed an increase not only in

PE, but also in phosphatidylinositol (PI) and lysoPC. In

fact lysoPC content was higher in wild-type heart tissue

than in brain (Fig. 7). LysoPC is a byproduct of the trans-

acylase reaction and might serve, together with other

1-lyso-phospholipids, as a precursor for the formation of

2-arachidonoylglycerol (2-AG) [43]. Additionally, hydro-

lysis of PI by a PI-specific phospholipase A1 can also

generate 2-AG [44]. Even though elimination of FAAH

activity did not directly affect the NAE metabolites in heart

tissue of mice, it may have influenced alternate endocan-

nabinoid metabolic pathways by affecting the phospholipid

composition.

Collectively, our targeted lipidomics results imply a

metabolic N-acylation-phosphodiesterase pathway for

acylethanolamides that is dominated by major cellular lipid

constituents, but in which minor metabolites also play

roles. Perturbation of FAAH may influence metabolite

pools in this entire pathway, beyond simply the direct

substrates for this enzyme; however, this influence by

FAAH on NAPE and PE molecular species content is tis-

sue-specific. Metabolic profiling tools like these developed

here, applied to different physiological or pathological

situations that have been attributed to endocannabinoid

function, may help to reveal important new tissue-specific

metabolic targets for therapeutic intervention at points of

control not yet discovered.
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Abstract In intensively reared dairy cows, milk fat

secretion is reduced in response to high-concentrate diets

and it is often referred to as the ‘‘milk fat depression’’

(MFD) syndrome. Some trans fatty acid (FA) isomers

produced in the rumen of the cows, including t10,c12-18:2,

are known for their inhibitory effect on mammary lipo-

genesis. To study whether this effect depends on the basal

diet, duodenal infusions of t10,c12-18:2 were performed on

cows fed four different diets (a factorial arrangement of

forage:concentrate ratio and linseed oil supplementation).

The overall response obtained with t10,c12-18:2 infusion

was consistent with previous studies: a decrease in milk fat

content and yield without significant variations in milk

yield. Mean transfer efficiency of infused t10,c12-18:2 was

19.6%. However, the decrease in milk fat and FA yields

(both de novo synthesis and preformed long-chain FA) was

less pronounced in cows fed high-concentrate diets (-27%

of the initial level), compared with cows fed low-concen-

trate diets (-42% of initial level). This difference was

independent of dietary oil supplementation and milk FA

yield before infusion. Results pertaining to effects of die-

tary forage:concentrate ratio were confirmed by statistical

meta-analysis of data from previously published t10,c12-

18:2 infusion experiments. This study shows that in cows

fed MFD diets the mammary gland becomes more resistant

to or experiences a lower response potential to further

inhibition of lipogenesis and/or delta-9 desaturation of FA.

Keywords Dairy cow �Milk fatty acids � t10 � c12-CLA �
Milk fat depression

Abbreviations

BHBA Beta-hydroxy butyric acid

C16 16-Carbon fatty acids

C18 18-Carbon fatty acids

CLA Conjugated linoleic acid

DMI Dry matter intake

FA Fatty acid

MFD Milk fat depression

NDF Neutral detergent fibre

NEFA Nonesterified fatty acids

VFA Volatile fatty acid

Introduction

Milk fat contributes to the value of milk for the dairy

producer and is easily modified in quantity and quality by

the cow’s diet [1]. In intensively reared dairy cows, milk

fat secretion is reduced in response to high-concentrate

diets and it is often referred to as the ‘‘milk fat depression’’

(MFD) syndrome. For several decades, the physiological

determinants of this phenomenon have been studied and

has led to the current mainstream concept referred to as

‘‘biohydrogenation theory’’, supposedly explaining most, if

not all, cases of MFD [2–4]. According to this theory, MFD

is caused by some fatty acid (FA) isomers produced by
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rumen microorganisms during the biohydrogenation of

dietary polyunsaturated FA. To date, three isomers of

conjugated linoleic acid (CLA) have been identified for

their inhibitory role on mammary lipogenesis: t10,c12-

18:2, t9,c11-18:2 and c10,t12-18:2 [5–7]. Exogenous

infusions of these CLA decrease the yield of both pre-

formed FA [mainly 16- and 18-carbon (C16 and C18) FA

taken up by the mammary gland from the plasma] and

short- and medium-chain FA (C4-C16) from mammary de

novo synthesis, with generally greater depression in the de

novo synthesized FA than the preformed FA.

Many studies with duodenal infusions of t10,c12-18:2

(the only commercially available inhibitory isomer) have

demonstrated its inhibitory role on mammary lipogenesis,

and the response of milk fat to increasing amounts of this

isomer have been published [8]. However, duodenal flows

of t10,c12-18:2 (and other inhibitory isomers) measured in

vivo are far too low to explain the extent of diet-induced

MFD. Most authors hypothesize that this discrepancy may

be due to other inhibiting trans 18:1 or 18:2 isomers (still

unidentified) [4, 9]. The isomer t10-18:1 is correlated with

MFD [4, 10], but short-term abomasal infusions of this

isomer suggest an inhibition of milk fat secretion only

when infused at high doses ([50 g/day) [11, 12].

The biohydrogenation theory is accepted by most

authors as the main mechanism explaining MFD. However,

milk fat depressing diets (high concentrate, high starch,

polyunsaturated fats, pasture sometimes) also alter ruminal

environment (decrease in pH with high concentrate) and

fermentation products (increased propionate production).

MFD diets, thus, lead to a simultaneous increase of

numerous FA isomers and other energetic nutrients, com-

plicating the elucidation of related mechanisms. It is pos-

sible that components other than 18:2 isomers may

contribute to MFD. To test this hypothesis, we compared

the effect of t10,c12-18:2 duodenal infusions (mimicking

one player of the ‘‘biohydrogenation theory’’ component of

MFD) in cows fed diets with contrasting forage:concentrate

ratio and supplemental oil content. The effect of t10,c12-

18:2 on milk fat synthesis has indeed never been compared

in different nutritional conditions in the same study, and

this comparison could provide new insights on the regu-

lation of milk fat yield.

Experimental Procedure

Animals, Diets and Treatments

Four lactating multiparous Holstein cows (55–87 DIM)

with cannulas in the rumen and proximal duodenum were

used in a 4 9 4 Latin square design with factorial

arrangement of treatments (four diets differing in their

forage:concentrate ratio and level of oil supplementation)

during four 5-week periods to evaluate responses to duo-

denal t10,c12-18:2 infusions. The cows were fed a high-

concentrate diet (HC, forage:concentrate ratio 35:65) or

low-concentrate diet (LC, forage:concentrate 65:35) with-

out added linseed oil (diets HC and LC) or with linseed oil

supplemented at 3% of DM (diets HCO and LCO). This

infusion study was part of a previously published experi-

ment [10, 13, 14], during which a pre-infusion period (the

first 4 weeks of each 5-week period) was used to study the

cows’ response to the diets. Experimental procedures are

described in [10, 13, 14]. The sole forage was long-cut grass

hay and the concentrate mixture was based primarily on

ground wheat, rapeseed, sunflower meal, and wheat bran.

Details of ingredient, chemical composition, and FA pro-

files of the diet have been presented previously [13]. The

experimental protocol was approved by the Animal Care

and Use Committee of INRA. All experimental procedures

were conducted in accordance with the Use of Vertebrates

for Scientific Purposes Act 1985. Cows were housed in a

tie-stall barn during the experiment. The concentrate mix-

tures with or without linseed oil were prepared daily and,

along with the forage, were offered in equal amounts at

0900, 1330, and 1700 hours for ad libitum consumption.

Cows were milked at 0600 and 1630 hours. During the fifth

week of each experimental period, the cows received

t10,c12-18:2 from a duodenum infusion of 5 g/day of a

commercial CLA source (t10c12-CLA 95%-FFA; Natural

Lipids, Hovdebygda, Norway). The CLA mixture was

composed of 0.20% c9-18:1, 0.95% c9,t11-18:2, 94.55%

t10,c12-18:2 and 2.25% t9,t11 ? t10,t12-18:2.

The CLA mixture was emulsified in skim milk to ensure

a uniform supply during the infusion. Emulsions were

prepared in the morning of each day prior to infusion by

combining 5 g of CLA with 2 g glycerol (Sigma, G6279,

Saint-Quentin Fallavier, France) and 1.1 g lecithin powder

(Sigma, P5394, Saint-Quentin Fallavier, France) in 991.9 g

skim milk at room temperature. The mixture was homog-

enized at 10,000 rpm for 2 min with a Polytron homoge-

nizer (PT-HR 3000, Fisher Scientific Bioblock, France),

and checked for the presence of clumps before stirring at

medium-to-high speed for 30 min at room temperature.

Emulsions were dispensed into 5-L plastic bags and stored

at 4 �C until infusion. Duodenal infusion of CLA began at

1400 hours on day 0 and continued for 4 days. After 24 h,

the empty bag was replaced with another bag containing

1 L of emulsion. Duodenal infusates were delivered via

polyvinyl chloride tube (0.5 cm i.d.), that passed through

the duodenum fistula. Peristaltic pumps (STA-131900;

Desaga, Heidelberg, Germany) delivered the infusate

continuously over 24 h. Infusion equipment was checked

daily during treatment periods to ensure correct placement

in the duodenum cannula.
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Sampling, Measurements and Analyses

Milk production and dry matter intake (DMI) were recor-

ded daily throughout the infusion period. Milk was sam-

pled at each milking and pooled each day. Fatty acids in

lyophilized milk were directly methylated with 1 mL of

2 N methanolic NaOCH3 at room temperature for 20 min,

followed by 1 mL of 14% boron trifluoride in methanol at

room temperature for 20 min [15]. Fatty acids in plasma

lipids were methylated with 2 mL of 0.5 N NaOCH3 at

50 �C for 30 min, followed by 2 mL of 14% boron tri-

fluoride in methanol at 50 �C for 30 min [16, 17]. In all

cases, FA methyl esters were recovered in 1 mL of hexane.

Tricosanoate (Sigma, Saint-Quentin Fallavier, France) was

used as the internal standard. Samples were injected by

autosampler into a Trace-GC 2000 Series gas chromato-

graph equipped with a flame ionization detector (Thermo

Finnigan, Les Ulis, France). Methyl esters from all samples

were separated on a 100 m 9 0.25 mm i.d. fused silica

capillary column (CP-Sil 88, Chrompack, Middelburg, The

Netherlands). Identification of fatty acids and detailed

analytical procedure have been previously described in

[10].

Calculations and Statistical Analyses

Desaturation ratios were computed for 14:0, 16:0, 18:0,

t11-18:1 and t13-18:1, using their respective monounsatu-

rated counterparts (e.g. for 18:0 the ratio is c9-18:1/

(18:0 ? c9-18:1) 9 100). For all data, individual cow

responses to CLA infusion were computed for each period

(data for d4, after 4 days of infusion, minus data for d0).

The statistical analyses were conducted on these responses,

analysed as a Latin square with factorial arrangement of

treatments using the MIXED procedure of SAS (SAS Inst.,

Inc., Cary, NC, USA). The statistical model included: cow,

period, concentrate level, oil level, concentrate 9 oil

interaction, and residual error. Cow was the random effect.

The overall response to CLA infusion (across all diets) was

also tested against zero. The responses to CLA infusion for

each diet were compared to zero, and multiple comparisons

of means (between diets) were performed using Tukey

tests. The initial values (before infusion) are reported in the

tables for comparison only, because they differed between

diets, but were not subject to statistical analyses (only

responses to CLA infusion were).

To determine whether the differences in responses were

due to the diet or to the initial values of milk fat, we used

two approaches: (1) the response to CLA infusion was

expressed as a percentage of the initial value and (2) we

performed a meta-analysis of the CLA infusion experi-

ments already published. For this meta-analysis, we

reviewed the published experiments of t10,c12-18:2

infusions [5–8, 11, 12, 18–25]. We excluded the experi-

ment of Bell and Kennelly [21], in which the infusion of

45 g/day of t10,c12-18:2 probably elicited different

mechanisms than studies with lower doses [26]. From

these data, we calculated the response to CLA infusions

and then performed nonlinear regression analyses on these

responses, including the effect of CLA dose, and other

putative variables (chemical composition of the diet, ini-

tial values of milk fat yield and content, milk yield, etc.).

The models used were exponential decrease models:

Y = a 9 (1-e(-b 9 CLA dose)), parameters a and b being

the maximal decrease and the slope of decrease respec-

tively. The different models were compared using AICc

criteria (Akaike Information Criteria, corrected for small

samples, the model with the lowest AICc value is

selected).

Results

DMI and Milk Production and Composition

Average DMI did not differ between basal diets, and was

not affected by t10,c12-18:2 infusion (Table 1), except for

the HCO diet, due to a drop in DMI for one cow (without

affecting milk production). Milk production, initially lower

for the LC diet, was not affected by t10,c12-18:2 infusion.

Overall, after 4 days of infusion, the milk fat percentage

and yield were markedly decreased by t10,c12-18:2 infu-

sion, and the decrease was greater (P \ 0.05) for low-

concentrate diets, irrespective of the dietary oil content

(Table 1). The other production variables were not affected

by t10,c12-18:2 infusion (Table 1).

Plasma Composition

Among the metabolites measured in jugular and mammary

veins, mammary concentrations of acetate and glucose

were significantly increased and jugular–mammary differ-

ences of acetate were significantly decreased by t10,c12-

18:2 infusion (Table 1). The other plasma components

(beta-hydroxybutyrate, NEFA, free cholesterol, total cho-

lesterol, free glycerol, lactate, phospholipids, triglycerides,

urea, insulin) were not significantly altered by t10,c12-18:2

infusion (some data not shown). When the J–M difference

was expressed as an apparent extraction rate (as a percent

of the jugular level, data not shown), t10,c12-18:2 signifi-

cantly decreased (P \ 0.05) the apparent extraction rates of

acetate (48.5% after infusion vs. 68.9% before), glucose

(17.8 vs. 22.3%) and BHBA (31.5 vs. 45.6%), irrespective

of the basal diet.

The concentrations and the percentages of FAs in the

jugular plasma were not affected by t10,c12-18:2 infusion
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(results not shown), except t10,c12-18:2 (Table 1), which

reached a mean of 0.10 g/100 g FA, irrespective of the

basal diet.

Milk FA Composition

Milk content of t10,c12-18:2 was not detectable at day 0

and progressively increased until day 3–4 (Fig. 1). Most of

the short- and medium-chain FA percentages were signif-

icantly decreased by t10,c12-18:2 infusion (Table 2). Some

FA were not significantly affected: 4:0, the odd- and

branched-chain FA. The C14 and C16 FA were only

slightly affected (0.05 \ P \ 0.10). The sum of C4–C16

was significantly decreased, whereas the sum of C18 FA

was increased. Most individual C18 FA percentages were

numerically increased (Table 3 for 18:0 and monoun-

saturated C18, Table 4 for polyunsaturated C18), but

only some were significantly affected (18:0, t13-18:1,

c14 ? t16-18:1, t10,c12-18:2). T10,c12-18:2 reached the

highest value with the LC diet (0.27 g/100 g FA) compared

with all other diets (0.17–0.19 g/100 g FA). However,

t10,c12-18:2 infusion did not modify the content of most

C18 FA when expressed as a percentage of total C18 (data

not shown).

Among the desaturation ratios, only those of C18 FA

were significantly decreased by CLA infusion: 18:0 (from

66.1 to 62.8%), t11-18:1 (from 33.4 to 27.6%) and t13-18:1

(from 24.5 to 20.2%). These desaturation ratios decreased

more with diets devoid of oil. Those of 14:0 and 16:0 were

not significantly affected (Table 5).

Table 1 Selected variables in cows fed a low-concentrate (LC) or high-concentrate (HC) diet, without (LC, HC) or with supplemental linseed

oil (LCO, HCO) at 3% of DM

Initial values Responses to CLA infusionA Overall

responseB
Effects on the responseB

LC LCO HC HCO LC LCO HC HCO SEM Conc Oil Conc 9 oil

DMI 20.1 19.7 20.9 21.1 ?0.1 -0.1 ?0.1 -2.1* 0.7

Milk

Milk yield (kg/day) 23.3 28.8 29.7 29.9 ?0.03 -0.93 ?0.90 ?0.38 0.68

Protein (%) 3.11 2.96 3.05 3.25 ?0.07 0.16 ?0.04 -0.08 0.07

Lactose (%) 4.76 4.88 4.89 4.85 -0.14 -0.11 -0.09 -0.03 0.06

Fat (%) 3.28 3.82 2.73 2.43 -1.35*ab -1.58*b -0.82*ab -0.69*a 0.27 \0.01 \0.05

Protein (kg/day) 0.72 0.85 0.91 0.96 ?0.02 ?0.02 ?0.04 -0.01 0.03

Lactose (kg/day) 1.11 1.41 1.46 1.45 -0.03 -0.08 ?0.01 ?0.01 0.04

Fat (kg/day) 0.76 1.11 0.81 0.72 -0.31*ab -0.49*b -0.21*a -0.20a 0.08 \0.01 \0.05

Plasma

Jugular BHBA (mM) 0.36 0.31 0.26 0.18 -0.07 ?0.03 -0.06 0.00 0.04

Mammary BHBA (mM) 0.21 0.18 0.13 0.09 -0.02 ?0.04 -0.01 ?0.05 0.02 \0.05

J–M BHBA (mM) 0.15 0.14 0.12 0.09 -0.06 -0.01 -0.05 -0.05 0.03

Jugular C2 (mM) 0.94 1.01 0.43 0.40 -6.59 -18.91* -2.78 -2.63 4.89

Mammary C2 (mM) 0.34 0.24 0.16 0.12 ?3.80 ?5.87* ?2.18 ?4.32 2.11 \0.05

J–M C2 (mM) 0.60 0.76 0.27 0.28 -10.39a -24.78*b -4.96a -6.94a 4.45 \0.05 \0.05

Jugular Gluc (mM) 0.6 0.61 0.64 0.66 ?0.02 0.00 -0.01 -0.01 0.02

Mammary Gluc (mM) 0.49 0.47 0.48 0.52 ?0.03 ?0.04 ?0.02 ?0.02 0.02 \0.05

J–M Gluc (mM) 0.11 0.15 0.17 0.14 -0.02 -0.04* -0.03 -0.03 0.02

Jugular NEFA (mM) 0.08 0.09 0.12 0.12 0.00 ?0.04* 0.00 ?0.02 0.02

Mammary NEFA (mM) 0.08 0.11 0.13 0.2 ?0.03 ?0.07* 0.00 ?0.03 0.02

J–M NEFA (mM) -0.01 -0.03 -0.01 -0.08 -0.02 -0.03 0.00 -0.01 0.02

Jugular t10c12-18:2

(g/100 g total FA)

0.00 0.00 0.00 0.00 ?0.12*a ?0.10*a ?0.10*a ?0.09*a 0.02 \0.01

The values before t10,c12-18:2 infusion into the duodenum are reported, as well as the responses after 4 days of infusion

Mean values within a row with unlike lowercase superscript letters were significantly different (Tukey test, P \ 0.05)

BHBA beta-hydroxy-butyrate, C2 acetate, Gluc glucose J-M jugular-mammary difference, NEFA non-esterified FA

* LSmeans that are significantly different from zero (P \ 0.05)
A LSmeans of the individual cow responses to t10,c12-18:2 infusion
B P values of the overall response to CLA infusion (across all diets) and the main effects of dietary concentrate level, oil, and their interaction on the

response to CLA infusion. Only P values \0.05 are mentioned
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Milk Fat and FA Yields

The milk fat content and yield were decreased by t10,c12-

18:2 infusion. The mean decrease over the four diets was

-35.4%. The decrease was lower with high-concentrate

diets than low-concentrate diets, independently of the ini-

tial yield and of oil supplementation (Table 6; Fig. 2).

The FA were grouped by chain length to discriminate

between the effect of t10,c12-18:2 infusion on milk de

novo synthesis and on preformed FA (C18) yield (Table 6).

All the C4–C16 FA yields decreased to a greater extent

than C18 yield across all diets. For all FA groups, the

decrease in yield was lower with high-concentrate diets

than low-concentrate diets (Table 6) independently of the

initial yield (see Table 1) and of oil supplementation

(except for C4–C8). The mean decrease of fat yield with

high-concentrate diets was 27.5% of the initial yield,

compared with 41.5% with the low-concentrate diets.

After 4 days of infusion, milk yield of t10,c12-18:2

varied between 0.85 g/day (HCO diet) and 1.13 g/day (LC

diet), corresponding to a transfer efficiency of 17–23% of

the amount infused daily at duodenum (mean 19.6%, no

significant difference between diets).

Meta-Analysis of Published t10,c12-18:2 Infusion

Studies

The database of the published data of t10,c12-18:2 infusion

studies (including the present experiment) included 23

comparisons between a control and an infused groups.

Several exponential decrease models were run and com-

pared on these data. Models were adjusted on actual or

percentage decrease data, and using diet composition data

as additional factors on the a (maximal decrease) and

b (slope of the decrease) parameters of the exponential

models. The best model, based on the lowest AICc value,

was the exponential model of percentage decrease with an

effect of a proxy of the dietary forage/concentrate ratio

(dietary neutral detergent fiber [NDF] content) on the

b parameter:

Milk fat content decrease % of initialð Þ ¼ �43:9 �3:6ð Þ
� 1� e�0:00755�NDF�CLAdose
� �

NDFin %DM and CLA dose in g=day;ð
n ¼ 23; R2 ¼ 0:97

�

Milk fat yield decrease % of initialð Þ ¼ �47:2 �4:4ð Þ
� 1� e�0:00632�NDF�CLAdose
� �

NDFin %DM and CLA dose in g=day;ð
n ¼ 23; R2 ¼ 0:97

�

When the effect of the dose of t10,c12-18:2 was

accounted for, the slope of the response was more

pronounced with diets high in NDF: there is a linear

effect of dietary NDF content on the slope of the response

to t10,c12-18:2. The resulting model for milk fat content,

computed for two NDF levels (25 and 45% of the diet,

corresponding to the extreme values reported in published

studies used are indicated as two lines on Fig. 3. None of

the other variable tested (initial milk yield, milk yield

response, initial fat yield) was significant when introduced

in this model.

Discussion

The overall responses observed in the present experiment

with t10,c12-18:2 infusions are consistent with the results

of previous infusion experiments (reviews in [3, 26, 27]): a

decrease in milk fat content and yield (-27 to -42% of the

initial level), without significant variations in milk yield;

the decrease was more pronounced for short- and medium

chain FA, leading to milk richer in long-chain FA fol-

lowing infusions. The transfer efficiencies of t10,c12-18:2

(17–23%) were very close to the mean of 22% observed in

previous infusion studies [8], and were not influenced by

the basal diet. Transfer efficiencies of duodenal t10,c12-

18:2 estimated from dietary studies with measurements of

duodenal FA flows are highly variable, and were estimated

to be between 50 and 100% (average 75%) in three studies

[10, 28, 29], ca. 15% in one study [30], and higher than

0
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Fig. 1 Milk t10,c12-18:2 content (in g/100 g total FA) in cows fed a

low- (LC) or high-concentrate (HC) diet, without (LC, HC) or with

supplemental linseed oil (LCO, HCO) at 3% of DM, before the

infusion (d0) and during 4 days of t10,c12-18:2 infusion into the

duodenum
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100% in two additional studies probably due to analytical

inaccuracies [31, 32]. Thus, the transfer efficiency

observed in infusion studies is three to four times lower

than that estimated in dietary studies. This may be attrib-

uted to analytical biases in the analysis of t10,c12-18:2

duodenal flows and/or content in milk, or, more likely, to a

low efficiency of infusions (lower absorption of infused

lipid, due to supra-physiological dose or mode of infusion).

Milk FA desaturation was only slightly affected by

t10,c12-18:2 infusion, with only the desaturation ratios of

C18 FA (the preferred substrates of delta-9 desaturase)

being significantly affected. Indeed, alterations in milk fat

desaturation ratios are not always observed when low

amounts of t10,c12-18:2 are infused [3, 8, 18], suggesting

that desaturation inhibition is not a major mechanism of

action of t10,c12-18:2 at low doses.

The comparison of the responses to infusion between

diets showed that, with the same dose of t10,c12-18:2, the

decrease in milk FA yield relative to initial levels was less

pronounced with high-concentrate than low-concentrate

diets. This was not due to differences in initial levels of FA

yield because relative decreases were not significantly

related to initial levels. This was probably neither due to

the duodenal flow of non-infused 18:2-inhibitory isomers if

we compare the duodenal flows of FA corresponding to the

four diets without infusion that have already been pub-

lished [13]. Indeed, the sum of t10,c12 ? c10,t12 ? t9,c11

(the three inhibitory isomers identified to date) was higher

with LC and HCO diets (0.52 and 0.41 g/day, respectively)

and lower with LCO and HC diets (0.29 g/day), amounts

that were very low compared to those infused (5 g/day).

Thus, the observed differences between diets in decreases

in milk FA yields were likely not linked to duodenal flows

of inhibitory CLA isomers. Moreover, the amounts of

t10,c12-18:2 secreted in milk following infusions were

similar between diets (0.85–1.13 g/day), ruling out a

Table 2 Percentages of selected FA (expressed as g/100 g total FA) in milk of cows fed a low- (LC) or high-concentrate (HC) diet, without (LC,

HC) or with supplemental linseed oil (LCO, HCO) at 3% of DM

Initial values Responses to CLA infusionA Overall

responseB
Effects on the responseB

LC LCO HC HCO LC LCO HC HCO SEM Conc Oil Conc 9 oil

4:0 4.01 4.39 3.80 3.01 ?0.30a -0.74*b ?0.30a -0.40b 0.21 \0.01

6:0 2.48 2.25 2.39 1.51 -0.25a -0.79*b -0.22a -0.16a 0.12 \0.01 \0.05 *

8:0 1.49 1.21 1.53 0.81 -0.28*a -0.47*b -0.27*a -0.17*a 0.06 \0.01 \0.05 *

10:0 3.33 2.33 3.68 1.77 -0.59* -0.82* -0.69* -0.33 0.14 \0.01

10:1 0.30 0.21 0.32 0.16 -0.13* -0.11* -0.13* -0.06* 0.02 \0.01

11:0 0.06 0.04 0.15 0.07 -0.02 -0.02 -0.04* -0.02 0.01

12:0 3.69 2.41 4.09 2.13 -0.28 -0.51* -0.50* -0.19 0.18 \0.01

13:0 0.22 0.14 0.34 0.21 -0.03 -0.03 -0.07* -0.04 0.02 \0.01

iso-14 0.15 0.12 0.10 0.08 ?0.03*a -0.01b 0.00b 0.00b 0.01 \0.05 \0.05

14:0 11.99 8.85 11.72 7.82 -0.02a -1.33*b -0.67ab -0.75ab 0.32 \0.05 \0.05

iso-15:0 0.45 0.35 0.26 0.21 -0.02 -0.06* -0.03 ?0.01 0.02

anteiso-15:0 0.82 0.73 0.79 0.61 -0.06 -0.09 0.05 ?0.03 0.06

c9-14:1 1.29 0.57 1.02 0.81 ?0.05a -0.06ab -0.24*b -0.18*ab 0.07 \0.05 \0.05

15:0 1.33 1.08 1.75 1.31 ?0.14a ?0.03a -0.21*b 0.00a 0.06 \0.05 \0.05

iso-16 0.35 0.28 0.30 0.22 ?0.08* 0.00 ?0.03 ?0.02 0.02

16:0 27.74 17.17 24.49 16.74 -3.75*a -1.39a -3.15*a -0.78a 1.06 \0.05

t16:1 0.64 0.63 0.66 0.87 ?0.07 ?0.09 -0.13 ?0.11 0.10

c9-16:1 1.32 0.74 0.98 1.21 -0.36* -0.12 -0.19 -0.34* 0.13

17:0 0.82 0.58 0.92 0.65 ?0.07* ?0.05 -0.01 ?0.07* 0.03

17:1 0.26 0.15 0.29 0.24 -0.02a ?0.02a -0.03a ?0.02a 0.02 \0.05

Sum of C4 to C16 58.27 40.75 54.67 36.84 -5.26* -6.27* -5.89* -3.25 1.54 \0.05

Sum of C18 34.74 52.83 37.07 56.01 ?5.03* ?6.27* ?6.06* ?2.99 1.42 \0.05

The values before t10,c12-18:2 infusion into the duodenum are reported, as well as the responses after 4 days of infusion

Mean values within a row with unlike lowercase superscript letters were significantly different (Tukey test, P \ 0.05)

* LSmeans that are significantly different from zero (P \ 0.05)
A LSmeans of the individual cow responses to t10,c12-18:2 infusion
B P values of the overall response to CLA infusion (across all diets) and the main effects of dietary concentrate level, oil, and their interaction on

the response to CLA infusion. Only P values \0.05 are mentioned
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difference between diets due to different amounts of this

isomer taken up by the mammary gland. The lower

response to t10,c12-18:2 with high-concentrate diets was

observed in the present study irrespective of whether the

decrease was expressed in actual amounts (Table 1) or as

percentage of initial value (Table 6). It was observed for all

FA chain lengths (Table 6) and was also found in a meta-

analysis of the published infusions of t10,c12-18:2 (Fig. 3).

The coefficients found in the meta-analysis are very close

to those reported in earlier studies from a smaller dataset

[8] (for a NDF content of 40% DM, our slope for milk fat

yield is calculated at -0.25, compared to a mean slope of

-0.28 in [8]). Within the published studies involving CLA

doses between 3 and 4.5 g/day, the studies using basal diets

low in NDF (NDF \ 36% DM in [6, 11, 18]) report

decreases in milk fat content comprised between -20 and

-27%, whereas the studies using basal diets higher in NDF

(around 45% DM in [8, 33]) report decreases in milk fat

between -35 and -39%, with similar initial milk fat.

We cannot totally exclude some saturation of the

milk fat decrease, because a 50%-decrease seems to be

the maximal response reported for trans10,cis12-18:2

infusions, as discussed previously in [34]. Our high-con-

centrate diets were already somewhat depressed compared

to a standard diet, and the differences observed in the

decrease could be interpreted as consequences of the initial

situation. However, we argue for a specific effect of the

basal diet on the response to CLA infusion, independent of

the initial milk fat before infusion (see Fig. 2). The various

modes of expression in this study (actual decrease, per-

centage decrease), together with the significant effect of

dietary NDF content in the published responses from the

database, advocate for an effect of the dietary forage:con-

centrate ratio, which modulates the main response driven

by trans10,cis12-18:2 infusions. Thus, a less pronounced

decrease in milk fat yield in cows fed high-concentrate

diets is observed from the t10,c12-18:2 infusions published

to date (the relationship is very similar for both milk fat

yield and milk fat content, because milk yield is almost

unaffected by t10,c12-18:2 infusions). However, it is dif-

ficult to develop hypotheses to explain this phenomenon,

because data on intermediary metabolism (e. g. plasma

composition) related to t10,c12-18:2 infusion are very

scarce. Molecular mechanisms of MFD induced by

Table 3 Monounsaturated C18 FA and 18:0 (expressed as g/100 g total FA) in milk of cows fed a low- (LC) or high-concentrate (HC) diet,

without (LC, HC) or with supplemental linseed oil (LCO, HCO) at 3% of DM

Initial values Responses to CLA infusionA Overall

responseB
Effects on the responseB

LC LCO HC HCO LC LCO HC HCO SEM Conc Oil Conc 9 oil

18:0 9.00 15.42 7.40 8.44 ?2.99*a ?1.61a ?1.90a ?1.71a 0.89 \0.05

t4 0.01 0.05 0.03 0.05 0.00ab 0.00b ?0.02*a ?0.01*ab 0.01 \0.05

t5 0.01 0.03 0.03 0.05 -0.01c 0.00bc ?0.02*a ?0.01ab 0.01 \0.01

t6 ? 7?8 0.23 0.54 0.38 0.78 ?0.08a ?0.09a ?0.20*a ?0.01a 0.06

t9 0.16 0.32 0.25 0.53 ?0.03ab ?0.06ab ?0.10a -0.06b 0.04

t10 0.37 0.76 1.14 2.76 ?0.05ab -0.29b ?0.66*a -0.31b 0.25 \0.05

t11 1.32 3.19 1.51 5.35 ?0.51a ?0.69a ?0.64a ?0.75a 0.40

t12 0.23 0.69 0.37 0.79 ?0.01a ?0.07a ?0.14*a ?0.01a 0.05

t13 ? 14 0.39 1.69 0.69 2.3 ?0.11a ?0.28*a ?0.32*a ?0.30*a 0.08 \0.01

Rt18:1 3.18 13.20 4.33 15.67 ?0.88ab ?1.42ab ?2.19*a ?0.53b 0.64 \0.05

c9 17.98 21.32 17.71 18.47 ?0.09b ?3.24*a ?0.16b ?0.88ab 0.85

c10 0.44 0.98 0.74 1.08 -0.01a ?0.05a -0.10a ?0.07a 0.10

c11 0.88 0.69 1.21 1.46 ?0.07b ?0.05b ?0.26*a ?0.01b 0.08 \0.05 \0.05

c12 0.16 0.33 0.42 0.74 ?0.02a ?0.02a ?0.06a -0.05a 0.07

c13 0.06 0.12 0.11 0.22 ?0.01a 0.00a -0.01a 0.00a 0.02

c14 ? t16 0.18 0.75 0.28 0.64 ?0.05a ?0.10*a ?0.11*a ?0.11*a 0.03 \0.05

c15 0.09 0.46 0.23 1.24 0.00a ?0.09a -0.02a -0.03a 0.08

Rc18:1 18.62 18.09 19.96 19.96 ?0.23b ?2.70*a ?0.56b ?1.13ab 0.56 \0.05 \0.05

The values before t10,c12-18:2 infusion into the duodenum are reported, as well as the responses after 4 days of infusion

Mean values within a row with unlike lowercase superscript letters were significantly different (Tukey test, P \ 0.05)

* LSmeans that are significantly different from zero (P \ 0.05)
A LSmeans of the individual cow responses to t10,c12-18:2 infusion
B P values of the overall response to CLA infusion (across all diets) and the main effects of dietary concentrate level, oil, and their interaction on

the response to CLA infusion. Only P values \0.05 are mentioned
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t10,c12-18:2 infusions at the mammary level have been

described [3, 4], but this information is of limited help to

explain the effect of dietary concentrate.

In the present experiment, low-concentrate diets resulted

in higher ruminal acetate and lower propionate, with sim-

ilar ruminal digestibilities of dietary components across

Table 4 Polyunsaturated C18 FA (expressed as g:100 g total FA) in milk of cows fed a low- (LC) or high-concentrate (HC) diet, without (LC,

HC) or with supplemental linseed oil (LCO, HCO) at 3% of DM

Initial values Responses to CLA infusionA Overall

responseB
Effects on the responseB

LC LCO HC HCO LC LCO HC HCO SEM Conc Oil Conc 9 oil

t9,t12 0.01 0.04 0.03 0.44 -0.01 0.00 ?0.01 -0.02 0.03

c9,t13 0.13 0.54 0.26 0.73 -0.01 ?0.03 -0.01 -0.08* 0.03

c9,t12 0.06 0.17 0.1 0.34 0.00 ?0.02 ?0.00 -0.02 0.03

t9,c12 0.03 0.07 0.05 0.23 ?0.01 0.00 ?0.02 -0.02 0.02

t11,c15 0.09 0.89 0.19 2.73 ?0.01 ?0.01 ?0.02 -0.47 0.21

c9,c12 1.78 1.44 2.73 2.47 ?0.40 ?0.24 ?0.89* ?0.26 0.22

c9,c15 0.18 0.15 0.18 0.16 ?0.01 ?0.01 ?0.06 ?0.03 0.03

c9,t11 0.66 1.36 0.86 2.74 -0.03 ?0.02 0.00 -0.34 0.25

t9,c11 0.01 0.02 0.03 0.08 -0.01 -0.01 -0.01 -0.04* 0.02

t10,c12 \0.01 \0.01 \0.01 \0.01 ?0.27* ?0.17* ?0.19* ?0.17* 0.03 \0.01

c9,c11 0.02 0.07 0.01 0.05 -0.02*c ?0.01ab -0.01bc ?0.03*a 0.01 \0.01

c10,c12 0.02 0.04 0.04 0.06 -0.01 -0.02 -0.01 -0.03 0.02

c11,c13 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

t11,t13 0.01 0.10 0.01 0.07 ?0.02 ?0.01 ?0.01 ?0.02 0.01

ttCLA 0.02 0.03 0.02 0.04 ?0.01 ?0.00 ?0.01 ?0.01 0.01

RCLA 0.77 1.61 0.97 3.05 ?0.23 ?0.18 ?0.19 -0.19 0.23

18:3n-3 0.83 1.01 0.8 1.65 ?0.27* ?0.06 ?0.26* ?0.11 0.09 \0.05

R18:3 0.90 1.21 0.86 1.79 ?0.29* ?0.05 ?0.23 ?0.14 0.10

The values before t10,c12-18:2 infusion into the duodenum are reported, as well as the responses after 4 days of infusion

Mean values within a row with unlike lowercase superscript letters were significantly different (Tukey test, P \ 0.05)

* LSmeans that are significantly different from zero (P \ 0.05)
A LSmeans of the individual cow responses to t10,c12-18:2 infusion
B P values of the overall response to CLA infusion (across all diets) and the main effects of dietary concentrate level, oil, and their interaction on

the response to CLA infusion. Only P values\0.05 are mentioned

Table 5 Desaturation ratios (in %) in milk of cows fed a low- (LC) or high-concentrate (HC) diet, without (LC, HC) or with supplemental

linseed oil (LCO, HCO) at 3% of DM

Initial values Responses to CLA infusionA Overall

responseB
Effects on the responseB

LC LCO HC HCO LC LCO HC HCO SEM Conc Oil Conc 9 oil

14:0C 9.7 6.1 8 9.4 ?0.3 ?0.3 -1.4 -1.0 0.6 \0.05

16:0C 4.6 4.2 3.8 6.8 -0.7 -0.4 -0.3 -1.8* 0.7

18:0C 66.3 57.9 70.6 69.6 -6.1*b ?0.8a -4.6*ab -3.3ab 1.8 \0.05 \0.05

t11-18:1C 33.4 29.8 36.6 33.8 -7.5* -3.3* -7.5* -4.7* 1.4 \0.01 \0.05

t13-18:1C 23.9 23.9 27 23.3 -5.1*ab -1.7a -6.9*b -3.6*ab 1.3 \0.01 \0.05

The values before t10,c12-18:2 infusion into the duodenum are reported, as well as the responses after 4 days of infusion

Mean values within a row with unlike lowercase superscript letters were significantly different (Tukey test, P \ 0.05)

* LSmeans that are significantly different from zero (P \ 0.05)
A LSmeans of the individual cow responses to t10,c12-18:2 infusion
B P values of the overall response to CLA infusion (across all diets) and the main effects of dietary concentrate level, oil, and their interaction on

the response to CLA infusion. Only P values \0.05 are mentioned
C Desaturation ratios are calculated as: 100 9 desaturated/(desaturated ? saturated), see ‘‘Experimental Procedure’’
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diets [14]. High-concentrate diets probably induce higher

ruminal propionate production and availability in cows

[35]. From the present experiment, the only plasma char-

acteristic with an interaction between t10,c12-18:2 infusion

and basal diet was the jugular–mammary difference of

acetate. Jugular acetate was higher with the low-concen-

trate diets irrespective of oil supplementation. Following

t10,c12-18:2 infusion, mammary acetate increased, leading

to a global decrease in jugular–mammary differences of

acetate, which is consistent with the inhibition of mam-

mary de novo synthesis by t10,c12-18:2. Moreover, this

decrease was more pronounced for low-concentrate diets

(Table 1) consistent with a more pronounced decrease in

milk fat yield, including de novo synthesis (Table 6). No

such phenomenon was observed with plasma triglyceride

jugular–mammary difference (data not shown), the main

source of preformed FA for the mammary gland, which did

not change according to either diet or t10,c12-18:2

infusion.

A decrease in acetate mammary uptake could be the

cause or the consequence of a decrease in mammary FA

synthesis. Early theories of MFD encompassed variations

in VFA, namely the acetate deficiency theory (acetate

deficiency would be a limiting factor of mammary lipo-

genesis) and the ‘glucogenic-insulin theory’, according to

which propionate and/or glucose from high-concentrate

diets would increase circulating insulin and result in a

shortage of lipogenic precursors for the mammary gland

[36]. Indeed, VFA infusions in dairy cows induce varia-

tions in milk fat content and yield (increase following

acetate infusions and decrease following propionate infu-

sions) [37]. However, these theories have been dismissed

because there is no reduction in ruminal acetate production

with high-concentrate diets (but rather an increase in pro-

pionate production) [35], and the changes in FA compo-

sition following insulin-induced MFD are opposite to those

observed following diet-induced MFD [36].

With the above discussion in mind, we hypothesize that

cows fed high-concentrate diets are in a metabolic state

that is already ‘‘detrimental’’ to lipogenesis: higher propi-

onate, lower circulating acetate, and possibly higher trans

18:1 and 18:2 isomers. In particular, before infusions in the

present experiment, the duodenal flow of t10-18:1 was

higher with the HC and HCO (20–51 g/day) than LC and

LCO diets (1–7 g/day) [13], which could have contributed

to an inhibition of mammary lipogenesis [27] even before

Table 6 Variation in milk yield, fat and FA, induced by t10,c12-18:2 infusion into the duodenum, in Holstein cows fed a low- (LC) or high-

concentrate (HC) diet, without (LC, HC) or with supplemental linseed oil (LCO, HCO) at 3% of DM

Responses to CLA infusion (% of initial value)A Overall

responseB
Effects on the responseB

LC LCO HC HCO SEM Conc Oil Conc 9 oil

Milk yield (kg/day) -0.2 -3.1 3.3 1.0 2.8

Fat (%) -40.9*b -40.2*b -29.4*a -28.5*a 5.4 \0.01 \0.01

Fat (kg/day) -41.2*b -41.8*b -27.2*a -27.9*a 5.5 \0.01 \0.01

C4–C8 yield (g/day) -41.8*b -57.8c -28.2*a -37.5*ab 6.0 \0.01 \0.01 \0.01

C10–C14 yield (g/day) -43.1*ab -53.8*b -34.8*a -36.7*a 6.7 \0.01 \0.05

C16 yield (g/day) -48.6*c -45.9*bc -36.2*ab -31.2*a 7.2 \0.01 \0.01

C18 yield (g/day) -32.9*b -34.9*b -15.4*a -24.1*ab 4.8 \0.01 \0.05

Values are differences between after and before infusion, expressed as % of initial value

Mean values within a row with unlike lowercase superscript letters were significantly different (Tukey test, P \ 0.05)

* LSmeans that are significantly different from zero (P \ 0.05)
A LSmeans of the individual cow responses to t10,c12-18:2 infusion
B P values of the overall response to CLA infusion (across all diets) and the main effects of dietary concentrate level, oil, and their interaction on

the response to CLA infusion. Only P values \0.05 are mentioned
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Fig. 2 Actual decrease in milk fat yield induced by t10,c12-18:2

infusion into the duodenum in Holstein cows fed a low- (LC) or high-

concentrate (HC) diet, without (LC, HC) or with supplemental linseed

oil (LCO, HCO) at 3% of DM. The dotted line indicates the mean

response across all diets
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t10,c12-18:2 infusion. In this metabolic context, the

mammary gland might have been more resistant to or

might have experienced a lower response potential to fur-

ther inhibition of lipogenesis and/or FA delta-9 desatura-

tion. Taken together, all these events could explain the

blunted response of cows fed a high-concentrate diet to

t10,c12-18:2 infusion.

This experiment is the first published study comparing

the impact of t10,c12-18:2 infusions on cows fed diets

differing in concentrate and supplemental oil contents.

Results reveal that the inhibition of mammary lipogenesis

(both de novo synthesis and incorporation of long-chain

FA) was less pronounced in cows fed high-concentrate

diets. This response is independent of oil supplementation

and milk FA yield before infusion. The impact of dietary

concentrate on the milk fat yield response to t10,c12-18:2

infusion in our study has been confirmed by a meta-anal-

ysis of the previously published t10,c12-18:2 infusion

experiments.
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Last fall I was reflecting on the state of science and the

funding rate at the National Institutes of Health. Baseball

was winding down for most teams, while again the World

Series featured two teams from the east coast, while teams

in the middle of America were again amazingly absent.

There are all kinds of reasons why these teams are not as

competitive, but in the end it comes down to money and

components like market share. Yet unlike other profes-

sional sports in America, where salary caps have been used

to level the playing field and to make small market teams

more competitive, no such cap exists in baseball. While

major league baseball has tried revenue-leveling plans

(a luxury tax), in the end the wealthier teams get the better

(higher-priced) players and the less-wealthy teams get to

develop the players who end up going to the wealthier

teams. The end result is diminished revenue for one set of

teams as fans just stop showing up to the ballpark. Quite

the opposite occurs for the wealthier teams as the fans

come in droves to watch their stars come out at night. So

what in the world does this have to do with science?

Well, many see baseball as a pure game. There are

dimensions for the diamond, but every field is unique

beyond the actual diamond. There is no time limit for the

game, something unique in nearly all professional sports.

There is a one-on-one component as there is the constant

battle between the hitter and the pitcher. Yet despite this

very individual aspect of the game, baseball is a team sport

in which team work is essential for success. To me, aca-

demic science is a pure pursuit, but like baseball it contains

a number of polar opposites, somewhat like what Hegel

described in his version of the dialectic theory.

Science is a pursuit that requires a tremendous amount

of personal drive and utilization of one’s intellect. Mean-

while, despite this individual effort, we work in a ‘‘team’’

environment, sharing our thoughts and work with others

through publications and interactions at scientific con-

gresses as well as other outlets that provide for exchange of

ideas. We collaborate on projects with colleagues, maxi-

mizing the potential for success by bringing many different

talents to bear on the project. Similar to baseball being a

game where singles and doubles win games, science is a

pursuit where all of our collective progress on a particular

topic is additive and that is what often shifts our under-

standing of the underlying biology of a particular problem.

Just like a home run is exciting and gets the fans cheering

for more, big significant discoveries in science are also

exciting. But in the end, like in baseball, it is the summa-

tion of incremental successes that move a field forward. As

an industry colleague has routinely noted, academic sci-

entists often work on their own time scale, yet we all work

within the time frame of our grants. So many of the attri-

butes of baseball are seen in science, but again, so are many

of the disparities.

So how does NIH fit into this paradigm? Simply put,

certain institutions and laboratories continue to get rich,

while others seek the equivalent of science life support.

Institutions on the right and left coasts have more faculty,

more ‘‘stars’’, and ultimately more infrastructure to support

an enhanced research enterprise. As in baseball, this

deepens the divide between the haves and the have-nots.

Those of us at institutions in the middle of America who

succeed, can transition to the coasts, like a rising star in

baseball. Hence, the ultimate impact is a reduction in the

small market institutions’ capacity to compete as they lose
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their intellectual infrastructure. This reduces the institu-

tional ability to compete for grants, while enhancing the

ability of the large market institutions.

In the end, NIH must reform how it allocates funds.

While baseball has avoided the dreaded salary cap, is it

time for NIH to institute an institutional and investigator

grant dollar cap? If so, would this cap help to redistribute

funds, permitting small market institutions to be in a better

position to compete for grants and ultimately build infra-

structure and retain ‘‘star’’ faculty? This would force

institutions to triage grants internally, rather than the sub-

mission-in-mass process that currently exists, thereby

reducing the load of already overworked study sections. If

a cap is not the answer, what are other options?

In an abbreviated letter published in The Scientist

(23(4):18, 2009), I briefly laid out a radical new funding

method for the NIH. My proposed model rewards suc-

cessful scientists across the country and across disciplines

with a single, lifetime grant. The grant is a single award on

the order of $15 million and the investigator’s institution

would be required to invest the principal of the grant in

various investments to provide a safe, constant source of

income from the investment. In doing so, the investigator

can only use the investment income from the grant, which in

most years would be between $500,000 and $750,000.

Because our institutions use and rely on a federal subsidy

called indirect costs (F&A), an additional $5 million is

given to the institution to invest, with the investment

income used as the indirect costs payment. Again, neither

party can use the principal, which means upon retirement of

the scientist, the money then becomes available for another

investigator at another institution, in short a sustainable

means of funding biomedical science efforts in the US. The

catch is that any investigator receiving one of these awards

is not permitted to apply for any other federal funding, but

rather must use the investment income provided to fund

their laboratory. Because nearly all institutions in America

have endowments that are invested and managed locally,

the overall infrastructure exists within academia and within

research institutes to implement this model.

What are the advantages? Because NIH study sections

appear to fund safe science and repeatedly demonstrate risk

aversion, reducing the likelihood that riskier projects are

funded, one clear advantage to this radical funding vehicle

is a shift in the aversion to risk. We all know that risk is

equal to a potential for high yield, which in science speak

translates into discoveries. By eliminating the need of a

scientist to secure grant funding for every idea, my pro-

posal promotes an environment in which risk aversion is

low, a polar opposite to what we currently have in place.

An additional advantage is an elimination of the money

raising aspects of academic science. Academic scientists

spend upwards to 30–40% of their time chasing money in

one form or another. Eliminating this activity will enhance

the overall quality of science as investigators put more time

into their creative efforts, thereby increasing the likelihood

of progress and novel discoveries. Another advantage is

promoting a stable work environment for students, post-

doctoral fellows, and technical staff. This more-stable

environment includes more time devoted by the investi-

gator to interacting with each individual in the laboratory,

enhancing the overall training of the next generation of

scientists. Lastly, by taking more seasoned and experienced

scientists out of the normal R01 and R21 funding mecha-

nisms, the success rate for junior faculty will increase,

ensuring a vibrant research community across disciplines

and providing a sustainable scientific base for the US.

Of course there are disadvantages to this program as well.

Scientist could become rather lazy and reduce their efforts in

the field. While this could occur with some individuals, I doubt

it would be too common of an occurrence. A 5-year review

process, in which investigators would be required to provide

an update on their progress, primarily by demonstrating the

number and quality of publications, would mitigate these

concerns. For individuals with 5–7 R01 grants in their labo-

ratories, the amount of money provided is insufficient to run

one of these so-called mega-labs, which often resemble a

small biotech company in its management structure rather

than an academic laboratory. Hence, there is a clear disad-

vantage for scientists who manage one of these mega-labs as

they would have to potentially reduce staff commensurate

with a reduction in financial resources. However, more

importantly, market fluctuations could cause a temporary

reduction in investment income and portfolio value. To min-

imize this risk, investigators will have to save in good years to

buffer against the down years in the market, however we all

know that rapid loses in the market are also followed by rapid

gains. Again, while there are undoubtedly other disadvan-

tages, I will limit my discussion to these.

Hence, if NIH would be willing to fund 500–1,000 of these

grants per year for the next 5–10 years, there would be a

tremendous reduction in the individuals competing in the

traditional grant cycles. Risk aversion would be significantly

reduced, enhancing the ability of scientists to study problems

that frankly have limited chance of being funded in today’s

environment. By freeing up investigators’ time, we are

enhancing their ability to focus on projects and to formulate

new, exciting ideas to test. Overall, this new model eliminates

many of the problems associated with our current system and

for those who qualify, it would produce a more stable and

rewarding career. I believe that this model offers a sustain-

able system that will reward success while promoting risk,

yet ensuring that funds would be available now and in the

future to enhance the likelihood of success for our younger

generation of scientists and provide the US with the capacity

to continue our leadership in biomedical research.
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Saturated fat of plant or animal origin has been an

important ingredient in Western and non-Western diets for

centuries. For the past 30 or 40 years, dietary saturated fats

have attained a poor reputation especially in relation to

cardiovascular health; recommendations to reduce con-

sumption persist even in the face of equivocal or contra-

dictory evidence. This special theme issue of Lipids on

saturated fat and health presents contributions from a ‘‘hot

topic’’ session at the 100th AOCS annual meeting in

Orlando Florida, in May 2009.

Two recent publications highlight the importance of this

issue. A meta-analysis by Siri-Tarino et al. [1] showed that

there was no significant evidence for concluding that die-

tary saturated fat is associated with an increased risk of

cardiovascular disease (CVD). In addition, whereas some

dairy products contribute to the intake of dietary saturated

fat, a meta-analysis in this theme issue of the available

prospective studies showed that dairy consumption is

associated with decreases in CVD risk. The latest pro-

spective cohort study confirms this conclusion for full fat

dairy [2].

Although some long chain saturated fatty acids raise

low-density (LDL) cholesterol in specific dietary inter-

ventions, these fatty acids may have a positive effect on the

complex of other markers referred to as atherogenic dysl-

ipidemia: increased concentrations of small, dense LDL

particles, decreased high-density lipoprotein (HDL) parti-

cles and increased triglycerides, which may be a more

important risk factor for myocardial infarction and CVD.

Several authors in this theme issue have pointed out that

even replacement of saturated fat with polyunsaturates may

have a limited effect and low omega-3 fatty acid intake

may carry a much larger CVD burden. Replacement with

carbohydrates is likely to be detrimental.

Entries in this publication make the point that all mam-

malian newborns rely on milk, which typically contains 50%

of its total fat as saturated fat. Newborns and adults have the

machinery to manufacture saturated fatty acids when not

present in the diet. In particular, the entry by Bruce German,

points out that the brain makes a large amount of saturated

fatty acid during myelination. Other work presented in this

issue shows that a diet high in saturated fat has very different

effects in the presence of carbohydrates than in their

absence. A low carbohydrate diet that is high in saturated

may actually lead to a reduction in plasma saturated fat

compared to one that is also high in carbohydrate, a conse-

quence of reduction of triglycerides in the low carbohydrate

diet and persistent de novo fatty acid synthesis in the high

carbohydrate diet.

From a metabolic standpoint, the existence of desatu-

rases indicates the need to have direct experimental evi-

dence on the role of dietary lipid intake on the circulating

species and biological endpoints. Finally, it is clear that

regarding saturated fatty acids as one group is an over-

simplification. Individual saturated fatty acids have specific

functions depending on chain length. The relation between

dietary intake of fats and health is complicated and the

current publications point to the need to reduce over-

simplification. Is it possible that evolution found benefits to

saturated fatty acids that current recommendations do not

consider? Whereas diets inordinately high in any compo-

nent, including saturated fat, are likely to be deleterious,

finite quantities of a variety of saturated fatty acids may

provide distinct benefits to various metabolic processes and

overall health.
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Abstract Dietary and policy recommendations fre-

quently focus on reducing saturated fatty acid consumption

for improving cardiometabolic health, based largely on

ecologic and animal studies. Recent advances in nutritional

science now allow assessment of critical questions about

health effects of saturated fatty acids (SFA). We reviewed

the evidence from randomized controlled trials (RCTs) of

lipid and non-lipid risk factors, prospective cohort studies

of disease endpoints, and RCTs of disease endpoints for

cardiometabolic effects of SFA consumption in humans,

including whether effects vary depending on specific SFA

chain-length; on the replacement nutrient; or on disease

outcomes evaluated. Compared with carbohydrate, the

TC:HDL-C ratio is nonsignificantly affected by consump-

tion of myristic or palmitic acid, is nonsignificantly

decreased by stearic acid, and is significantly decreased by

lauric acid. However, insufficient evidence exists for dif-

ferent chain-length-specific effects on other risk pathways

or, more importantly, disease endpoints. Based on consis-

tent evidence from human studies, replacing SFA with

polyunsaturated fat modestly lowers coronary heart disease

risk, with *10% risk reduction for a 5% energy substitu-

tion; whereas replacing SFA with carbohydrate has no

benefit and replacing SFA with monounsaturated fat has

uncertain effects. Evidence for the effects of SFA

consumption on vascular function, insulin resistance, dia-

betes, and stroke is mixed, with many studies showing no

clear effects, highlighting a need for further investigation

of these endpoints. Public health emphasis on reducing

SFA consumption without considering the replacement

nutrient or, more importantly, the many other food-based

risk factors for cardiometabolic disease is unlikely to pro-

duce substantial intended benefits.

Keywords Cardiovascular disease � Diabetes mellitus �
Diet � Nutrition � Saturated fatty acids � Fatty acids

Abbreviations

BMI Body mass index

CHD Coronary heart disease

CHO Carbohydrate

CRP C-reactive protein

CVD Cardiovascular disease

FMD Flow-mediated dilatation

FSIGTT Frequently sampled intravenous glucose

tolerance test

GLP-1 Glucagon-like peptide-1

HBA1c Glycosylated hemoglobin

HDL High-density lipoprotein

HOMA Homeostasis model assessment

IL Interleukin

LA Linoleic acid

LDL Low-density lipoprotein

MCP Monocyte chemoattractant protein

MUFA Monounsaturated fatty acids

PUFA Polyunsaturated fatty acids

PWV Pulse wave velocity

RCT Randomized controlled trial

SFA Saturated fatty acids

TC Total cholesterol
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TFA Trans fatty acids

TNF Tumor necrosis factor

USFA Unsaturated fatty acids

WHI Women’s Health Initiative

%E Percentage of total energy intake

Introduction

Reducing the consumption of saturated fatty acids (SFA) is

a pillar of international dietary recommendations to reduce

the risk of cardiovascular disease (CVD) [1–3]. The World

Health Organization and the US Dietary Guidelines rec-

ommend consuming less than 10%E (percentage of total

energy intake) from SFA [4], and the American Heart

Association less than 7%E [3]. The strong focus on SFA as

a risk factor for CVD originated in the 1960s and 1970s

from lines of evidence including ecologic studies across

nations, short-term metabolic trials in generally healthy

adults assessing total cholesterol (TC) and low-density

lipoprotein cholesterol (LDL-C), and animal experiments

that together appeared to provide consistent support that

SFA intake increased the risk of coronary heart disease

(CHD).

However, several critical questions have remained about

the relationship between SFA consumption and CVD risk.

First, do health effects of reducing SFA consumption vary

depending on whether the replacement nutrient is carbo-

hydrate (CHO), monounsaturated fat (MUFA), or polyun-

saturated fat (PUFA)? A historical emphasis on low fat

diets has produced drops in SFA consumption in the US

and many other nations, but with concomitant increases in

CHO, rather than MUFA or PUFA, as the replacement

nutrient [1]. Is there strong evidence to support this dietary

strategy? Second, do health effects of SFA vary depending

on the chain-length, i.e. comparing 12-, 14-, 16-, and 18-

carbon SFA? Current dietary recommendations generally

focus on overall SFA consumption, without strong atten-

tion on specific SFA. Third, what is the relationship

between SFA consumption and risk of stroke and type 2

diabetes mellitus? Historically, research on SFA has

focused largely on CHD.

Advances in nutritional science in the last two decades

now provide a substantial body of evidence to answer these

questions (Fig. 1). These include well-conducted random-

ized controlled trials (RCTs) of SFA nutrient substitutions

and multiple risk pathways as endpoints, including multiple

lipid and also non-lipid risk factors (rather than only TC

and LDL-C); and large prospective cohort studies and

meta-analyses of RCTs of SFA consumption and clinical

disease endpoints, that provide more direct evidence for

effects on disease compared with changes in risk factors

alone. Given the complementary strengths and limitations

of these newer research paradigms, conclusions can be

considered most robust when studies from each paradigm

provide concordant evidence for health effects of SFA

consumption. Together these research advances provide

much stronger evidence for causal inference than data from

prior available ecologic studies, limited metabolic studies,

and animal experiments.

To elucidate the effects of SFA consumption on CVD

risk based on the most current evidence, we reviewed the

data from RCTs of multiple risk factors, large prospective

cohort studies of disease endpoints, and RCTs of disease

endpoints. When sufficient evidence was available, we

particularly focused on the potentially different health

effects of varying the replacement nutrient; of different

chain-length SFA; and of specific effects on CHD, stroke,

and diabetes.

Methods

Two investigators independently reviewed the literature for

English-language articles published through Sep 2009 by

performing searches of Medline, hand-searching of citation

lists, and direct contact with experts. Inclusion criteria were

any RCT or observational study in adults evaluating SFA

consumption and the risk of CHD, stroke, or type 2 dia-

betes and related risk pathways, including lipids and lipo-

proteins, systemic inflammation, vascular function, and

Randomized Trials

of Disease Outcomes

Animal Studies

Prospective Cohorts

of Disease Outcomes

Randomized Trials of 

Physiologic Measures / 

Risk Factors

Retrospective Case-Control 

Studies of Disease Outcomes

Ecologic Studies Prevalence Studies

Strength of Evidence

Case Series/ Case Reports

Fig. 1 Advances in nutritional science research paradigms. For

causal inference about how dietary habits affect chronic disease, the

best evidence is derived from randomized controlled trials (RCTs) of

multiple risk pathways, observed differences in disease endpoints in

prospective cohort studies, and effects on disease endpoints in RCTs.

Conclusions can be considered most robust when these complemen-

tary lines of evidence provide concordant results. Adapted with

permission from Harris, Mozaffarian, et al. 2009 [90]
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insulin resistance (1,254 identified articles). Search terms

included ‘‘saturated fat(s)’’, ‘‘lipoproteins’’, ‘‘inflamma-

tion’’, ‘‘blood pressure’’, ‘‘vascular function’’, ‘‘insulin

resistance’’, ‘‘cardiovascular diseases’’, and ‘‘diabetes

mellitus’’. We focused on identifying RCTs of major risk

factors, large prospective cohort studies of disease end-

points, and RCTs of disease endpoints, given strengths of

these designs and their complementary limitations. We

excluded a priori animal experiments, ecological studies,

commentaries, general reviews, and case reports. Studies

were independently considered by the two investigators for

inclusion; rare differences were resolved by consensus.

Effects on Cardiovascular Risk Factors

Lipids and Lipoproteins

RCTs have established clear multiple effects of SFA con-

sumption on circulating lipids and lipoproteins [5, 6]. Each

of these effects varies depending on the comparison

nutrient, i.e., the nutrient isocalorically replaced for SFA

(Fig. 2). Compared with CHO, SFA intake raises TC and

LDL-C, but also lowers triglycerides and raises high-den-

sity lipoprotein cholesterol (HDL-C). Given these

conflicting directions of effects, effects on apolipoproteins

or, even better, a more global risk marker such as the

TC:HDL-C ratio may provide the best overall indication of

potential effects on CHD risk. Compared with CHO, SFA

intake has no significant effects on the TC:HDL-C ratio or

ApoB levels, and raises ApoA1 levels. In contrast, con-

sumption of PUFA or MUFA in place of SFA leads to

lowering of TC, LDL-C, and ApoB; slight lowering (for

PUFA) of HDL-C and ApoA1; little effect on triglycerides;

and lowering of the TC:HDL-C ratio. Compared with trans

fatty acids (TFA), SFA intake has minimal effects on LDL-

C but raises HDL-C and lowers triglycerides and lipopro-

tein(a), with improvement in the TC:HDL-C ratio [7].

Thus, consideration of which nutrient is being replaced is

essential when considering lipid effects or designing die-

tary guidelines or policy measures related to SFA con-

sumption. Overall, the changes in lipid and apolipoprotein

levels predict minimal effects on CHD risk when CHO

replaces SFA, benefits when PUFA or MUFA replace SFA,

and harms when TFA replace SFA.

Effects of SFA consumption on serum lipids and lipo-

proteins further vary according to which specific SFA is

consumed (Fig. 3) [5]. With CHO consumption as the

reference, lauric (12:0), myristic (14:0), and palmitic (16:0)

acid raise TC and LDL-C, whereas stearic acid (18:0) does
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Fig. 2 Changes in blood lipid levels for consumption of saturated

fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsat-

urated fatty acids (PUFA), or trans fatty acids (TFA) as an isocaloric

replacement for carbohydrate (CHO) as a reference, based on two

meta-analyses of randomized controlled feeding trials [5, 6]. b reflects

the change for each 1% energy isocaloric replacement; *P \ 0.05
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not. All SFA raise HDL-C, but HDL-raising effects are

greater as chain-length decreases. Overall, the TC:HDL-C

ratio is not significantly affected by myristic or palmitic

acid consumption, is nonsignificantly decreased by stearic

acid consumption, and is significantly decreased by lauric

acid consumption (Fig. 3). These effects suggest little CHD

benefit of replacing myristic, palmitic, or stearic acid with

CHO, and potential harm of replacing lauric acid with

CHO.

Systemic Inflammation

Inflammation independently increases risk of CVD and

diabetes [8–11]. Compared with lipid effects, the influence

of SFA consumption on inflammation is less well investi-

gated, with mixed results. In a randomized cross-over trial,

20 healthy men consumed a high SFA (22%E SFA), a high

MUFA (24%E MUFA), and a high CHO high PUFA

(55%E CHO, 8%E PUFA) diet for 4 weeks [12]. At the

end of each intervention period, participants were given a

fat-rich breakfast (60%E fat) with similar fat composition

to that of each diet. Consumption of a butter-rich breakfast

(35%E SFA) had no effect on postprandial plasma levels of

tumor necrosis factor (TNF)-a, interleukin (IL)-6 or

monocyte chemoattractant protein (MCP)-1, compared

with an olive oil-rich breakfast (36%E MUFA) or a walnut-

rich breakfast (16%E PUFA) [12]. In another cross-over

trial of 50 healthy men, consumption of low-chain SFA

(12:0–16:0) for 5 weeks (8%E) had no effect on fibrinogen,

C-reactive protein (CRP), or IL-6 levels; similar con-

sumption of stearic acid (18:0) increased plasma levels of

fibrinogen, but not of CRP or IL-6, compared with CHO

[13]. Among hypercholesterolemic subjects (n = 18), a

one-month diet with 16.7%E from SFA (butter), compared

with 12.5%E from PUFA (soybean oil), resulted in a trend

toward higher macrophage production of TNF-a, without

effects on IL-6 [14].

Observational studies investigating associations between

SFA intake and markers of inflammation are limited [15,

16]. Among 4,900 US adults, dietary SFA intake was not

cross-sectionally associated with CRP levels, after adjust-

ing for other risk factors and lifestyle behaviors [15]. Other

cross-sectional studies have been very small and/or not

multivariable-adjusted [16]. Observational studies of cir-

culating (e.g., plasma) or tissue (e.g., adipose) SFA levels

[17, 18] are helpful for investigating effects of metabolism

but not of SFA consumption, as circulating and tissue SFA

are poorly reflective of dietary SFA due to endogenous

synthesis and regulation by lipolysis, lipogenesis, and beta-

oxidation [19–22]. Overall, the limited and mixed evidence
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Fig. 3 Changes in blood lipid levels for consumption of different

chain-length saturated fatty acids (SFA) as an isocaloric replacement

for carbohydrate (CHO), based on meta-analysis of randomized

controlled feeding trials [5]. b reflects the change for each 1% energy

isocaloric replacement; *P \ 0.05
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precludes strong conclusions about potential pro-inflam-

matory effects of SFA consumption.

Blood Pressure, Endothelial Function, and Arterial

Stiffness

Effects of dietary SFA on markers of vascular function

including blood pressure, endothelial function, and arterial

stiffness are similarly not well characterized [23]. A few

observational studies have evaluated SFA intake and inci-

dence of hypertension, with mixed results [24, 25]. Among

30,681 US men followed for 4 years, no significant asso-

ciations were seen between SFA intake and incident

hypertension, after adjusting for age, body mass index, and

alcohol consumption [24]. In contrast, among 11,342 US

men in the MRFIT study, SFA intake was cross-sectionally

positively associated with systolic and diastolic blood

pressure, after adjusting for risk factors and lifestyle

behaviors, although no adjustments were made for other

dietary fats, CHO, or protein [25].

Randomized controlled feeding trials ranging in dura-

tion from 3 weeks to 6 months have demonstrated mixed

results of SFA intake compared with MUFA, PUFA, TFA,

or CHO on measures of blood pressure, endothelial dys-

function, and/or arterial stiffness [23] (Table 1). Among

nine trials assessing blood pressure, seven observed no

differences between the different diets [26–34]. These trials

evaluated a range of SFA consumption levels and

replacement nutrients (Table 1). Improvements in BP were

seen in two of five RCTs including a comparison to

Table 1 Effects of saturated fatty acids on blood pressure, endothelial function, and arterial stiffness in human feeding trials

Study Outcome N Duration Design Comparison SFA replaced by

PUFA MUFA TFA CHO

Margetts

et al. [26]

Blood pressure 54 6 weeks Cross-over 18%E SFA versus 15%E PUFA $

Puska et al.
[27]

Blood pressure 84 12 weeks Parallel 11%E SFA versus 8%E PUFA $

Sacks et al.
[28]

Blood pressure 21 6 weeks Cross-over 16%E SFA versus 14%E PUFA or

52%E CHO

$ $

Storm et al.
[29]

Blood pressure 15 3 weeks Cross-over 13%E 18:0 SFA versus 16%E 16:0 SFA

or 51%E CHO

$

Piers et al.
[30]

Blood pressure 8 4 weeks Cross-over 24%E SFA versus 23%E MUFA $

Sanders et al.
[31]

Blood pressure 110 6 months Parallel 17%E SFA versus 17%E MUFA or

CHOa
$ $

Uusitupa

et al. [33]

Blood pressure 159 6 months Parallel 14%E SFA vs. 8%E PUFA, 11%E

MUFA, or 53%E CHO

$ $ $

Lahoz et al.
[32]

Blood pressure 42 5 weeks Consecutive diets-

non randomized

17%E SFA versus 21%E MUFA or

13%E PUFA

; ;

Rasmussen

et al. [34]

Blood pressure 162 3 months Parallel 18%E SFA versus 21%E MUFA ;

de Roos et al.
[35]

Endothelial

function – FMD

29 4 weeks Cross-over 23%E SFA versus 9%E TFA ;

Fuentes et al.
[36]

Endothelial

function – FMD

22 4 weeks Cross-over 20%E SFA versus 22%E MUFA or

57%E CHO

: $

Keogh et al.
[37]

Endothelial

function – FMD

40 3 weeks Cross-over 19%E SFA versus 19%E MUFA, 10%E

PUFA, or 65%E CHO

: : :

Sanders et al.
[31]

Endothelial

function – FMD

110 6 months Parallel 17%E SFA versus 17%E MUFA or

CHOa
$ $

Keogh et al.
[37]

Arterial stiffness

– PWV

40 3 weeks Cross-over 19%E SFA versus 19%E MUFA, 10%E

PUFA, or 65%E CHO

$ $ $

Sanders et al.
[31]

Arterial stiffness

– PWV

110 6 months Parallel 17%E SFA versus 17%E MUFA or

CHOa
$ $

Direction of effect on reported outcome (: increased; ; decreased; $ no effect)

CHO carbohydrate, MUFA monounsaturated fatty acids, FMD brachial artery flow-mediated dilatation, PUFA polyunsaturated fatty acids, PWV
pulse wave velocity, SFA saturated fatty acids, TFA trans fatty acids, %E percentage of total energy intake
a %E not reported
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MUFA, one of five RCTs including a comparison to PUFA,

and zero of four RCTs including a comparison to CHO.

Among four trials assessing indices of endothelial function,

three observed differences in brachial artery flow-mediated

dilatation (FMD) between the different diets [31, 35–37].

Improvements in endothelial function were seen in two of

three RCTs including a comparison to MUFA, one RCT

including a comparison to PUFA, and one of three RCTs

including a comparison to CHO; endothelial function was

worsened in one RCT replacing SFA with TFA. In two

trials evaluating arterial stiffness as assessed by pulse wave

velocity (PWV) [31, 37], no effects of reducing SFA

consumption were seen, including two RCTs including a

comparison to MUFA, one RCT including a comparison to

PUFA, and two RCTs including a comparison to CHO.

Thus, evidence for effects of SFA consumption on vascular

function is mixed, with no clear pattern based on under-

lying population characteristics, SFA consumption levels,

or the comparison nutrient, and with most studies sug-

gesting no effects.

Insulin Resistance and Diabetes

SFA has been considered a risk factor for insulin resistance

and diabetes mellitus [38], but review of the current evi-

dence indicates surprisingly equivocal findings. SFA con-

sumption inconsistently affects insulin resistance in

controlled trials (Table 2) and has not been associated with

incident diabetes in prospective cohort studies (Fig. 4) [39–

52]. Among generally healthy individuals, most RCTs

show no differences in markers of glucose-insulin

homeostasis comparing different intakes of SFA versus

MUFA, PUFA, or CHO. Findings are more mixed among

individuals having or predisposed to insulin resistance. In

these individuals, improvements in markers of glucose-

insulin homeostasis were seen in three of five RCTs

including a comparison to MUFA, one of three RCTs

including a comparison to PUFA, and one RCT including a

comparison to CHO. Among all these trials, the great

majority were short-term (up to several weeks) and sur-

prisingly small (\20 subjects). The two largest trials

(n = 162, n = 59) found SFA to worsen several indices of

glucose-insulin homeostasis in comparison to MUFA (two

trials) or CHO (one trial).

Significant additional insight into effects of dietary fats

on glucose-insulin homeostasis can be gained from long-

term studies evaluating actual onset of diabetes. Among

four large prospective cohort studies, none found inde-

pendent associations between consumption of either SFA

(Fig. 4) or MUFA and onset of diabetes [53–56]. In con-

trast, three of four cohorts [54] observed lower incidence of

diabetes with greater consumption of PUFA and/or vege-

table fat [53, 55, 56]. In the large Women’s Health

Initiative trial (n = 45,887), SFA intake was reduced in the

intervention group from 12.7 to 9.5%E over 8 years as part

of overall total fat reduction, largely replaced with CHO

[57]. In this large RCT, this significant reduction in SFA

consumption had no effect on fasting glucose, fasting

insulin, homeostasis model assessment (HOMA) insulin

resistance, or incident diabetes (RR = 0.95, 95%

CI = 0.90–1.03).

Thus, some evidence from short-term RCTs suggests

that SFA consumption in place of MUFA may worsen

glucose-insulin homeostasis, especially among individuals

predisposed to insulin resistance. However, several long-

term observational studies and one large RCT suggest no

effect of SFA consumption on onset of diabetes. Further

confirmatory results of either harm or no effect in addi-

tional appropriately powered studies are needed given the

present inconsistency of effects across all studies.

Weight Gain and Adiposity

The role of total dietary fat in obesity has been widely

studied due to its high energy content (9 kcal/g) and sub-

sequent potential for weight gain [58–60]. Based on RCTs

of weight loss with balanced-intensity interventions (i.e.,

all individuals receiving similar guidance and follow-up,

with only the specific dietary advice varying) and pro-

spective observational studies of weight gain, the %E from

total fat does not have strong effects on adiposity compared

with overall quality and quantity of foods consumed.

Evidence for independent effects of specific dietary fats

such as SFA on weight gain or adiposity are much more

limited. In two large prospective cohort studies, increases

in SFA consumption were associated with very small

increases in abdominal circumference [61] or body weight

during 8–9 years follow-up [62] compared with CHO, after

adjusting for other risk factors and lifestyle and dietary

behaviors.

Relationships with Cardiovascular Events

Coronary Heart Disease—Prospective Cohort Studies

Most individual prospective cohort studies have not

observed an independent relationship between SFA con-

sumption and incident CHD [63–67]. The relatively small

number of published studies, among the many available

international cohorts, also raises concern for potential

publication bias (i.e., additional unreported null studies).

Two recent systematic reviews and meta-analyses, the first

including 9 cohorts (11 estimates) evaluating 160,673

individuals [64], and the second including 16 cohorts

among 214,182 individuals [68], found no significant
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association between SFA intake and CHD risk. Comparing

the highest to the lowest category of consumption, the

pooled RRs in these two meta-analyses were 1.06 (95%

CI = 0.96–1.15) and 1.07 (95% CI = 0.96–1.19), respec-

tively. These meta-analyses suggest no overall effect of

SFA consumption on CHD events. However, these studies

were unable to separately evaluate whether consuming

SFA might have different effects on CHD events depend-

ing on the nutrient replaced, as would be suggested by

differing effects of SFA, depending on the comparison

nutrient, on blood lipids and apolipoproteins (Fig. 2).

The best observational evidence to-date of this question

is a recent pooled analysis of individual-level data from 11

prospective cohort studies across three continents, includ-

ing 344,696 individuals with 5,249 CHD events over

4–10 years of follow-up [69]. In fully multivariable-

adjusted analyses, SFA consumption was associated with

higher CHD risk only in comparison to PUFA. In other

words, only consumption of PUFA in place of SFA was

associated with lower CHD risk, whereas in fact con-

sumption of CHO or MUFA in place of SFA was associ-

ated with higher CHD risk or trends toward higher CHD

risk (Fig. 5). These associations were similar when analy-

ses were restricted to CHD deaths only, and were not

different in subgroups stratified by either sex or age.

Coronary Heart Disease—Randomized Controlled

Trials

Eight RCTs have investigated the effects of consuming

PUFA (either total or linoleic acid, LA) in place of SFA on

CHD events [70–77]. Most of these trials individually

found no significant effects. A recent meta-analysis of

these RCTs, including a total of 13,614 participants with

1,042 CHD events, found that CHD risk was lowered by

10% for each 5%E greater PUFA intake replacing SFA

[78] (Fig. 5). Many of these trials have important limita-

tions, including for example not being double-blind;

incompletely assessing compliance; randomizing sites

rather than individuals and having open enrollment and

drop-out; and/or including vegetable oils that contained

omega-3 PUFA of plant origin that may provide cardio-

vascular benefits unrelated to decreased SFA intake.

Nonetheless, the overall findings from these RCTs of CHD

endpoints are consistent with the results from prospective

cohorts (Fig. 5).

One large RCT has tested the effect of reducing SFA

consumption, replaced largely with CHO, on CHD events.

As described, the Women’s Health Initiative trial random-

ized 46,558 women to lower total fat consumption, that

included lowering of SFA consumption by *3%E over

8 years, and largely replaced with CHO. Even though this

was an unbalanced intervention (i.e., the intervention group

received extensive dietary counseling, whereas the control

group received usual care) that would generally bias toward

risk-reduction in the intervention group, there were no

significant effects on either incident CHD (RR = 0.93,

95%CI = 0.83–1.05) or total CVD (RR = 0.96, 95%CI =

0.89–1.03) [79]. This absence of benefit for substituting

SFA with CHO is consistent with expected effects based on

lipid changes (TC:HDL ratio) or observed relationships in

prospective cohort studies (Fig. 5).

Stroke: Prospective Cohorts and Randomized

Controlled Trials

Among five prospective cohort studies evaluating SFA

consumption and incidence of stroke, one of three found

n, cases % WeightRR (95% CI)Study

Overall estimate - Cohorts 0.98  (0.87, 1.10)

1.04  (0.62, 1.73)

1.03  (0.67, 1.59)

0.97  (0.78, 1.20)

0.95  (0.77, 1.18)

0.99  (0.81, 1.20)

100.00

4.92

6.87

27.48

27.48

33.25

1.7 1.5

Meyer (2001)55, women

Salmeron (2001)53, women

van Dam (2002)54, men

Harding (2004)56, men 

Harding (2004)56, women

35988, 1890

84204, 2507

42504, 1321

9611, 198

11861, 143

1.05 (0.97, 1.11)Women's Health Initiative 45887, 1297

184168, 6059

Relative Risk of Incident Diabetes for High vs. Low Quantile of SFA Intake

Fig. 4 Relative risk of incident

diabetes associated with

consumption of saturated fat

(SFA). Multivariable-adjusted

results from prospective cohort

studies and the overall pooled

result using fixed-effects meta-

analysis are shown. Results

from the Women’s Health

Initiative randomized controlled

trial are also shown comparing

controls (higher SFA intake) to

the intervention group in which

SFA was reduced by *3.2%E

over 8 years [79]. CI’s for

Harding et al.[56] were

estimated based on the numbers

of cases
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SFA to be associated with lower risk of ischemic stroke

[80–82], and one of three found SFA to be associated with

lower risk of hemorrhagic stroke [80, 83, 84]. Four pro-

spective cohorts have also observed protective associations

between animal protein intake, that is often consumed

together with SFA, and risk of hemorrhagic stroke [85]. A

recent systematic review and meta-analysis of eight pro-

spective cohorts also found that SFA consumption was

associated with trends toward lower risk of stroke: com-

paring the highest to the lowest category of SFA intake, the

RR was 0.81 (95% CI = 0.62–1.05) [68]. In the Women’s

Health Initiative trial, reduction in SFA consumption did

not have a significant effect on incident stroke over 8 years

(RR = 1.02, 95% CI = 0.90–1.17) [79]. Thus, overall,

SFA consumption does not appear to increase the risk of

stroke, and in fact some studies suggest a protective effect.

Further investigation of these effects, including indepen-

dence from potential benefits of animal protein intake, is

warranted.

Future Research Directions

The multiple well-designed studies reviewed herein pro-

vide substantial evidence for health effects of SFA

consumption. However, important questions remain.

Although replacement of SFA with CHO appears to pro-

vide no overall CVD benefit, indirect lines of evidence

suggest that effects could vary depending on overall CHO

quality [86–88]. For example, replacing SFA with less

processed, higher fiber, lower glycemic index CHO could

provide benefit, whereas replacing SFA with more pro-

cessed, lower fiber, higher glycemic index CHO might

have no effects or even be harmful. Effects of replacing

SFA with CHO could also vary with an individual’s sus-

ceptibility to insulin resistance/metabolic syndrome, in

whom adverse metabolic effects of highly refined CHO

may be more pronounced. Evidence for effects of replacing

SFA with MUFA is mixed. Such effects could vary

depending on other constituents in MUFA-containing

foods (e.g., animal fats vs. vegetable oils), for example due

to potentially beneficial phytochemicals and flavanols

contained in the latter but not the former. Each of these

issues requires direct investigation. Additionally, whereas

the substantial differences in blood lipid effects of different

chain-length SFA are clear, blood lipids represent only one

set of intermediate risk markers. Investigation of the effects

of different chain-length SFA on other risk pathways and,

more importantly, on disease endpoints is urgently needed

to determine the extent to which dietary and policy

Carbohydrate Replacing Saturated Fat

0.90 (0.83, 0.97)

RR (95% CI)

0.7 1.0 1.5

Relative Risk of Coronary Heart Disease for Each 5% Energy Intake

Results from Women's Health Initiative RCT 0.98 (0.88, 1.09)

Polyunsaturated Fat Replacing Saturated Fat

Meta-Analysis of 8 RCTs

Monounsaturated Fat Replacing Saturated Fat

0.91 (0.87, 0.95)Predicted Effect from TC:HDL Change

0.87 (0.77, 0.97)Pooled Analysis of 11 Observational Cohorts

Predicted Effect from TC:HDL Change 1.01 (0.98, 1.04)

Pooled Analysis of 11 Observational Cohorts 1.07 (1.01, 1.14)

RCTs – None --

Predicted Effect from TC:HDL Change 0.93 (0.89, 0.96)

Pooled Analysis of 11 Observational Cohorts 1.19 (1.00, 1.42)

Dietary Change (each 5% energy)

Fig. 5 Effects on coronary heart disease (CHD) risk of consuming

polyunsaturated fat (PUFA), carbohydrate (CHO), or monounsatu-

rated fat (MUFA) in place of saturated fat (SFA). Predicted effects are

based on changes in the TC:HDL-C ratio in short-term trials [5],

coupled with observed associations between the TC:HDL-C ratio and

CHD disease events in middle-aged adults [91]. Evidence for effects

of dietary macronutrients on actual CHD events comes from a meta-

analysis of eight randomized controlled trials (RCTs) for PUFA

replacing SFA, including 13,614 participants with 1,042 CHD events

[78]; and from the Women’s Health Initiative (WHI) RCT for CHO

replacing SFA, including 46,558 individuals with 1,185 CHD events

and *3.2%E reduction in SFA over 8 years [79]. Evidence for

observed relationships of usual dietary habits with CHD events comes

from a pooled analysis of 11 prospective cohort studies, including

344,696 individuals with 5,249 CHD events [69]. Reproduced with

permission from Mozaffarian et al., in press [78]
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recommendations should focus on specific SFA rather than

overall SFA consumption. Additional investigation of

effects of SFA consumption on blood pressure, endothelial

function, insulin resistance, diabetes, and stroke (plus

stroke subtypes) is also needed, including consideration of

potential variation depending on both the replacement

nutrients and specific chain-length SFA under consider-

ation. Future research should also evaluate the health

effects of specific foods consumed, i.e., SFA intake from

different meats versus dairy versus tropical fats, as well as

how individual factors, such as age, sex, lifestyle factors,

predisposition to insulin resistance, or genetic variation,

may alter such responses.

Conclusions

Current public health dietary recommendations often pri-

oritize the reduction of SFA consumption to prevent CVD. A

review of the current evidence, particularly findings from

well-performed RCTs of risk pathways, large prospective

cohorts of disease endpoints, and RCTs of disease endpoints,

suggests that this focus may not produce the intended ben-

efits. First of all, substantial evidence indicates that health

effects of reducing SFA vary depending on the replacement

nutrient. Based on the best evidence from human studies,

replacing SFA with PUFA (e.g., vegetables, vegetable oils)

lowers CHD risk, whereas replacing SFA with CHO has no

benefits. Replacing SFA with MUFA has uncertain effects,

based on mixed evidence within and across different

research paradigms. Of note, the effects of replacing SFA

with PUFA or CHO, but not MUFA, on clinical CHD end-

points could be relatively predicted from the effects of these

nutrient substitutions on the TC:HDL-C ratio. Thus, policies

that prioritize the reduction of SFA consumption without

specifically considering the replacement nutrient may have

little or no effects on disease risk, especially as the most

common replacement in populations is often CHO.

Second, even under optimal replacement scenarios of

SFA for PUFA, the magnitude of likely benefit warrants

attention. RCTs of the blood TC:HDL-C ratio, prospective

cohorts of disease endpoints, and RCTs of disease end-

points each converge on *10% reduction in CHD events

for 5%E substitution of SFA with PUFA. This approaches

the maximal plausible risk reduction in most populations;

in the US, for example, such benefit would require overall

population decrease from the current 11.5 to 6.5%E SFA

consumption. Thus, although recommendations to replace

SFA with PUFA appear appropriate, the much larger CVD

burdens caused by other dietary factors (e.g., low omega-3,

low fruits and vegetables, high trans fat, and high salt) [89]

appear to warrant much more attention. Finally, although

investigation of individual nutrients provides important

information on potential underlying mechanisms of health

effects, people make decisions about eating whole foods

that contain multiple macro- and micronutrients in various

amounts. Thus, food-based scientific research and policy

recommendations may be most relevant in the modern era

to understand and reduce the pandemics of chronic disease

occurring in nearly all nations.
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Abstract Atherogenic dyslipidemia comprises a triad

of increased blood concentrations of small, dense low-

density lipoprotein (LDL) particles, decreased high-density

lipoprotein (HDL) particles, and increased triglycerides.

A typical feature of obesity, the metabolic syndrome,

insulin resistance, and type 2 diabetes mellitus, atherogenic

dyslipidemia has emerged as an important risk factor for

myocardial infarction and cardiovascular disease. A number

of genes have now been linked to this pattern of lipoprotein

changes. Low-carbohydrate diets appear to have beneficial

lipoprotein effects in individuals with atherogenic dyslipi-

demia, compared to high-carbohydrate diets, whereas the

content of total fat or saturated fat in the diet appears to have

little effect. Achieving a better understanding of the genetic

and dietary influences underlying atherogenic dyslipidemia

may provide clues to improved interventions to reduce the

risk of cardiovascular disease in high-risk individuals.

Keywords Lipids � Lipoproteins �
Cardiovascular diseases � Genetics

Definition of Atherogenic Dyslipidemia

Prospective epidemiologic studies have shown that blood

levels of low-density lipoprotein cholesterol (LDL-C) sig-

nificantly predict incident atherosclerotic cardiovascular

disease (CVD), and LDL-C-lowering therapy has been

repeatedly demonstrated in many populations to reduce

CVD risk. This has led to the formulation of risk prediction

algorithms for identification of high-risk individuals and

specific LDL-C goals to be achieved with lifestyle and

pharmacological interventions [1]. Many individuals with

normal LDL-C levels nevertheless develop CVD [2], par-

ticularly in older age groups.

There is considerable heterogeneity among low-density

lipoproteins (LDL), ranging from small, dense, lipid-

depleted particles to large, buoyant cholesterol-enriched

particles [3]. These particles have typically been grouped

into four categories ranging from LDL1 (largest) to LDL4

(smallest) and subdivided even further into as many as

eight subfractions. A number of studies have suggested that

small LDL particles carry disproportionate atherogenic risk

[4–7]. This suggests that treatment based on LDL-C levels

alone potentially provides a suboptimal treatment for a

significant proportion of at-risk individuals.

High-density lipoprotein cholesterol (HDL) also has a

strong epidemiological relationship with CVD, with

increased HDL-C levels protective against disease, and is

divided into two to three subfractions. As with LDL-C,

some studies suggest that specific HDL subfractions are

more predictive of CVD than HDL-C [8], whereas others

suggest no distinction [9–13].

Austin et al. first described a risk-conferring lipid/

lipoprotein profile, termed ‘‘atherogenic dyslipidemia’’ or

the ‘‘atherogenic lipoprotein phenotype,’’ that comprises a

higher proportion of small LDL particles, reduced HDL-C,

and increased triglycerides [14]. Atherogenic dyslipidemia

is characteristically seen in patients with obesity, the

metabolic syndrome, insulin resistance, and type 2 diabetes

mellitus [15, 16] and has emerged as an important marker

for the increased CVD risk observed in these populations.

Herein we review the present understanding of the
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contribution of atherogenic dyslipidemia to CVD, as well

as the genetic and dietary influences underlying atherogenic

dyslipidemia.

Small LDL Particles, Total LDL Particles, and CVD

Risk

Besides the traditional blood lipid measurements of

LDL-C, HDL-C, and triglycerides, there now exist a

number of alternative measures that assess lipoprotein

subfractions in some way. The best established is the

measurement of the blood concentration of apolipopro-

tein B (apoB). Each non-HDL particle—including LDL

particles, intermediate-density lipoprotein (IDL) particles,

very-low-density lipoprotein (VLDL) particles, chylomi-

crons, and their remnants—typically harbors one apoB

molecule. Thus, the apoB measure represents a count of

non-HDL particles circulating in the bloodstream. More

sophisticated techniques can quantify the numbers of

particle within each lipoprotein class, as well as within

subfractions of each lipoprotein class; in addition, peak

particle size within a class (e.g., LDL peak particle

diameter) can be calculated. These techniques include

analytical ultracentrifugation, gradient gel electrophore-

sis, nuclear magnetic resonance (NMR), and a relatively

new gas-phase differential electrophoretic macromolecu-

lar mobility-based method (termed as the ion mobility

method).

A number of studies have now used one of the lipo-

protein subfraction measurement techniques to assess

whether any of the subfractions have prognostic power for

CVD or intermediate endpoints for CVD such as coronary

calcium score or carotid intima-media thickness. Notably,

many of these studies find that the small LDL particle

concentration predicts cardiovascular endpoints compara-

bly to if not better than LDL-C [7, 17–21].

There is biological plausibility for a causal role of small

LDL particles in atherosclerotic disease, with evidence that

small, dense, lipid-poor LDL particles may be inherently

more atherogenic than large LDL particles [6]. They have

greater susceptibility to oxidation than larger particles and

thus may be more likely to instigate the inflammatory pro-

cesses in vascular endothelium that underlie atherosclerotic

disease. They bind more tightly to arterial proteoglycans and

may penetrate into the arterial wall more easily. Finally,

small LDL particles have relatively lower affinity for the

LDL receptor compared to mid-size particles, resulting in

decreased cellular uptake and increased time spent circu-

lating in the bloodstream, where the particles would have

prolonged influence on the atherosclerotic process.

However, each of the studies that have demonstrated

that small LDL particle concentrations are predictive of

cardiovascular endpoints also showed that the total LDL

particle number (LDL-P) is similarly predictive [7, 17–21].

This is because the small LDL particle number is highly

correlated with LDL-P. Intuitively, this can be explained

by the reasoning that among individuals with equal LDL-C

levels, the same of amount of cholesterol distributed among

a larger number of particles implies that the particles must

be of smaller size on average. It is possible, then, that all

LDL particles are similarly atherogenic and the association

of increased small LDL particle concentrations with dis-

ease is simply the result of the increased number of LDL

particles, rather than small LDL particles being uniquely

atherogenic. Epidemiological studies to date have not been

able to unequivocally distinguish between these two

possibilities.

Regardless of whether the small LDL particle number or

LDL-P is used, either offers prognostic information distinct

from the standard LDL-C measure obtained with a fasting

lipid profile. Reinforcing this point was the finding in the

Framingham Offspring Study that when participants were

divided into four groups—low LDL-C ? low LDL-P, low

LDL-C ? high LDL-P, high LDL-C ? low LDL-P, high

LDL-C ? high LDL-P—stratification by LDL-P markedly

discriminated by CVD event-free survival, whereas there

was no difference seen with stratification by LDL-C [22].

Given the data suggesting a particular role for small

LDL particles in CVD, and the epidemiological observa-

tion of the ‘‘atherogenic lipoprotein phenotype’’ of

increased small LDL particle numbers, decreased HDL-C,

and increased triglycerides, some lipoprotein assays have

defined cutoffs for LDL peak particle size, with high par-

ticle sizes designated as ‘‘pattern A’’ (normal; defined as

[25.5 nm when measured by gradient gel electrophoresis

[3]) and low particle sizes designated as ‘‘pattern B’’

(having an increased proportion of small LDL particles

and, thus, more likely to have atherogenic dyslipidemia;

defined as B25.5 nm when measured by gradient gel

electrophoresis) to aid clinicians in categorizing patients at

risk for CVD.

Principal Component Analysis of Lipoprotein

Subfractions

Although numerous studies have demonstrated that some

lipoprotein subfractions are predictive of CVD, none of

these studies systematically analyzed the interrelationships

among all of the various lipoprotein subfractions to deter-

mine whether there are distinct combinations of subfrac-

tions that independently confer cardiovascular risk. To

address this question, we have applied the technique of

principal component analysis to identify interrelated com-

binations of subfractions and determine their relationship
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with CVD in a large prospective cohort study, the Malmö

Diet and Cancer-Cardiovascular Cohort (MDC-CC) [23].

Principal component analysis is a statistical method that

analyzes the interrelationships between numerous variables

and yields a fewer number of components that explain most

of the correlation information of the original variables.

Each of the resulting components is an independent linear

combination of the original variables; furthermore, the

components are fully independent of one another, i.e., they

have zero correlation.

When we applied principal component analysis to

eleven lipoprotein subfractions measured by ion mobility

analysis of samples from more than 4,500 individuals in

MDC-CC, we identified three major independent compo-

nents, all of which were associated with incident CVD in

the cohort [23, 24]. Notably, one of the three components

represented a pattern of increased small and medium LDL

particle concentrations, decreased large HDL particle

concentrations, and increased triglycerides—corresponding

to atherogenic dyslipidemia. This component was much

more highly associated with incident CVD events (hazard

ratio of 1.22 per 1 standard deviation) than LDL-C (hazard

ratio of 1.10 per 1 standard deviation), indicating it to be a

superior predictor of disease [23]. The other two principal

components represented LDL-associated CVD risk (hazard

ratio of 1.10 per 1 standard deviation) and HDL-associated

CVD protection (hazard ratio of 0.81 per 1 standard devi-

ation). Thus, our analysis established that atherogenic

dyslipidemia is an epidemiologically distinct risk factor for

CVD than the traditional risk factors of LDL-C and HDL-C

and represents an independent mechanistic pathway con-

tributing to the pathogenesis of CVD. Accordingly, there is

a strong rationale to explore genetic and dietary modifiers

of this pathway in order to better craft targeted interven-

tions to reduce CVD risk.

Genetics and Atherogenic Dyslipidemia

Family-based segregation analyses suggest that the ath-

erogenic lipoprotein phenotype has a strong genetic basis

that likely reflects contributions from numerous genes

[14, 25, 26]. Candidate genes include those that influence

LDL peak particle size; family-based and twin studies

indicate a large heritable component of LDL size, ranging

from 40 to 60% of the trait. Genes with variants that have

been reported to be associated with LDL size include:

CETP, encoding cholesteryl ester transfer protein, which

exchanges cholesteryl esters and triglycerides from HDL

lipoprotein particles to LDL particles; LDLR, encoding

the LDL receptor, which is responsible for cellular uptake

of LDL particles from the bloodstream; LPL, encoding

lipoprotein lipase, which hydrolyzes triglycerides in

chylomicrons and VLDL particles, converting the latter to

LDL particles, as well facilitating cellular lipoprotein

uptake; MTP, encoding microsomal triglyceride transfer

protein, which transfers triglycerides to nascent VLDL

particles in hepatocytes; and the apolipoprotein genes

APOA5, APOB, APOC3, and APOE, which are important

constituents of varied lipoprotein particles [25–35]. All of

these genes play credible roles in determining the size and

lipid content of LDL particles as well as other lipoprotein

particles and so might directly contribute to atherogenic

dyslipidemia.

By applying principal component analysis in the

MDC-CC, we were able to define a component represent-

ing atherogenic dyslipidemia. This enabled us to perform

genetic analyses on this specific component and thereby

identify gene variants directly linked to the dyslipidemia

profile, rather than a property of an individual lipoprotein

(such as LDL size). We took advantage of data from a

recent genome-wide association study on lipid traits, which

identified 30 genetic loci strongly linked to one or more of

the blood LDL-C, HDL-C, and triglyceride levels [36]. We

assessed the strength of association between SNPs in each

of these genetic loci and the atherogenic dyslipidemia

component. We found that variants in six loci, harboring

the CETP, LPL, APOA5, LIPC, GALNT2, and MLXIPL

genes, were highly associated with this component. In

confirmation, each of the SNPs at these genes was also

associated with small/medium LDL particle concentrations

and—in the opposite direction—large HDL particle con-

centrations as well as HDL-C and/or triglycerides [23].

Interestingly, the variants at all but two of the six genes

(CETP and APOA5) were not associated with LDL-C.

Thus, the MDC-CC study validated several of the genes

previously linked to LDL size as also having variants

associated with atherogenic dyslipidemia, as well as iden-

tifying a few novel candidate genes. The implicated genes

may interact in biological pathways that regulate the dif-

ferent components of the dyslipidemia profile; conceivably,

interventions targeting one or more of these specific genes

may modulate an individual’s lipid/lipoprotein profile in a

clinically favorable way and reduce the risk of CVD, even

if they do not affect blood LDL-C levels.

Effects of Diet on Atherogenic Dyslipidemia

An important question is whether alterations in diet—

whether in regard to carbohydrate, fat, or saturated fat

content—have predictable effects on lipoprotein profiles

and, specifically, atherogenic dyslipidemia. This has

implications for nutritional counseling for patients at risk

for CVD: which diets are likely to induce or worsen ath-

erogenic dyslipidemia and thereby increase CVD risk, and
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thus should be avoided, and which diets may reverse the

dyslipidemia and should be recommended. A related

question is whether particular diets are of greater or less

benefit in individuals with atherogenic dyslipidemia com-

pared to those without it.

In one study, 105 healthy middle-age men were placed

on high-fat (46% of calories from fat), low-carbohydrate

and low-fat (24% of calories from fat), high-carbohydrate

diets in a crossover design in which they experienced

6 weeks on each diet [37]. To simplify the interpretation of

the study results, the proportions of types of fat (unsatu-

rated vs. saturated, 1:1 ratio) and types of carbohydrates

(simple vs. complex, 1:1) remained fixed in these diets.

Across all subjects, there were significantly higher levels of

triglycerides and the LDL3/LDL4 subfractions (small and

very small LDL particle concentrations), as well as lower

HDL-C levels, while on the low-fat diet compared to the

high-fat diet. Thirty-six subjects who were pattern A or

intermediate (as judged by LDL peak particle diameter)

when on the high-fat diet converted to pattern B on the

low-fat diet; all of the individuals who were pattern B on

the high-fat diet remained pattern B on the low-fat diet. In a

follow-up study, the individuals who had been pattern A on

both the high-fat and low-fat diets were subjected to a very-

low-fat diet (10% of calories from fat, with replacement by

carbohydrates) [38]. One-third of the subjects converted to

pattern B on this diet. Thus, reduction of fat along with

increased carbohydrate intake altered lipoprotein profiles

towards atherogenic dyslipidemia.

Of interest, individuals who were pattern B on a high-fat

diet, when compared to those who were pattern A on a

high-fat diet, experienced a much larger reduction in

LDL-C when on a low-fat diet [37]. This was confirmed in

both men and in pre-menopausal women, with a two- to

threefold greater reduction in LDL-C observed [39, 40].

This phenomenon appeared to be the consequence of

differential effects on lipoprotein profiles. Pattern A indi-

viduals experienced a larger decrease in LDL1 (large LDL

particle concentrations) and an increase in LDL3 (small

LDL particle concentrations) with little change in LDL2

(medium-large particle concentrations), whereas pattern B

individuals displayed a decrease in LDL2 with a smaller

decrease in LDL1 and no change in LDL3. Besides

explaining the discrepancy in LDL-C alteration, these

observations also explain why many pattern A individuals

converted to pattern B (35%) but not vice versa (6%).

Extrapolating across all of these studies, the prevalence

of pattern B increases with the amount of dietary carbo-

hydrate and decreases with the amount of dietary fat.

However, in these studies the changes in the proportions of

calories derived from fat were largely balanced by reci-

procal changes in calories from carbohydrates, making it

difficult to determine whether dietary fat or carbohydrates

are the major influence on atherogenic dyslipidemia. A

study in 178 overweight men shed some light on this

question. When compared on a higher-carbohydrate diet

(54% of calories from carbohydrates, 1:1 simple:complex)

versus a lower-carbohydrate diet (39% of calories from

carbohydrates, 1:1 simple:complex), between which the

difference was made up of protein calories (15 vs. 29%)

rather than fat (minimal change), the subjects had a higher

prevalence of pattern B when on the higher-carbohydrate

diet [41]. This observation suggests that dietary carbohy-

drates are the principal driver of atherogenic dyslipidemia.

A more complete analysis with the 178 overweight men

was highly informative as to the effects of varying carbo-

hydrates and saturated fat, as well as weight loss, on

lipoprotein profiles [42]. Four diets were compared: (1)

54% of calories from carbohydrates (1:1 simple:complex)

with low saturated fat, (2) 39% of calories from carbohy-

drates (1:1 simple:complex) with low saturated fat, (3) 26%

of calories from carbohydrates (1:1 simple:complex) with

low saturated fat, and (4) 26% of calories from carbohy-

drates (1:1 simple:complex) with high saturated fat. Diets

(1) and (2) had equal fat content, diets (3) and (4) had equal

fat content that was higher than that of diets (1) and (2).

The subjects underwent a weight-maintenance phase of

3 weeks on the assigned diets, followed by a weight-loss

phase of 5 weeks (with a subsequent four-week weight

stabilization period) on the same diets.

During the weight-maintenance phase, the subjects on

the low-carbohydrate diets [(3) and (4)] experienced sig-

nificant decreases in their triglyceride levels as well as their

LDL3 and LDL4 levels (small and very small LDL particle

concentrations); the individuals on the higher-carbohydrate

diets displayed only modest changes. In contrast, during the

weight-loss phase, the individuals on higher-carbohydrate

diets experienced larger decreases in triglycerides and

small LDL particle concentrations than did those on low-

carbohydrate diets. Thus, by the end of the study, the

higher-carbohydrate subjects had ‘‘caught up’’ with the

low-carbohydrate subjects. The lower the dietary carbo-

hydrate content, the lower the prevalence of pattern B, both

after the weight-maintenance phase and after the weight-

loss phase, although the differences in the prevalence of

pattern B were smaller after weight loss, again pointing to a

‘‘catch-up’’ phenomenon.

Comparing the low-saturated-fat and high-saturated-fat

low-carbohydrate diets [(3) vs. (4)], there were essentially

no differences in changes in triglycerides, small LDL

particle concentrations, or prevalence of pattern B, either in

the weight-maintenance or weight-loss phases [42]. This

finding indicates that dietary saturated fat content has little

influence on the components of the atherogenic lipoprotein

phenotype. This agrees with the results of a study that

compared the effects of four-week treatments with a
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high-saturated-fat diet (38% of calories from fat, with 20%

of calories from saturated fat), a monounsaturated fatty

acid (MUFA) olive oil-rich diet (38% of calories from fat,

with 22% of calories from MUFA), and a high-carbohy-

drate diet (30% of calories from fat, with\10% of calories

from saturated fat, and 55% of calories from carbohy-

drates) in 84 individuals [43]. (In all diets, *40% of the

carbohydrate calories came from simple carbohydrates, the

remainder from complex carbohydrates.) There were no

differences in triglycerides, LDL size, or prevalence of

pattern B between the high-saturated-fat and high-MUFA

diets; in contrast, both high-fat diets yielded higher LDL

sizes than the high-carbohydrate diet, with one-third of the

subjects converting from pattern A to pattern B with the

high-carbohydrate diet. The lack of difference in LDL size

seen between the two high-fat diets is consistent with

two earlier studies, one of which noted a minimal increase

in LDL size with a high-MUFA diet compared to a

high-saturated-fat diet [44], the other of which reported no

difference [45].

Finally, analysis of a prospective cohort study (the

Framingham Heart Study) confirmed that fat content in the

diet, after multivariable adjustment for carbohydrate intake

and a variety of other potential confounders, did not sig-

nificantly affect LDL size or triglyceride levels in either

men or women [46]. This was true regardless of the quality

of fat studied—total fat, saturated fat, MUFA, or polyun-

saturated fatty acid (PUFA) content. Thus, it appears that

both the quantity and quality of fat consumed (assuming no

change in the number of calories obtained from carbohy-

drates) have minimal effects on the atherogenic lipoprotein

phenotype.

Although it is possible that different types of carbohy-

drates may have different effects on lipoproteins, none of

the discussed studies were able to shed light on this

question, since in all cases the ratio of simple to complex

carbohydrates was kept constant among the experimental

diets. Given that carbohydrate intake appears to be the

primary driver of atherogenic dyslipidemia, it would be

desirable for future studies to directly compare diets in

which the proportions of different types of carbohydrates

are varied, with the overall number of calories coming

from carbohydrates being held constant.

In conclusion, either lowering the dietary carbohydrate

content or losing weight appears to attenuate atherogenic

dyslipidemia (although there does not appear to be an

additive effect of the two), whereas altering the total fat or

saturated fat content has little influence. However, being

placed on a lower-fat, higher-carbohydrate diet appears to

result in lower LDL-C levels than a higher-fat, lower-car-

bohydrate diet, particularly for individuals starting with

pattern B. Thus, it remains unclear whether having high or

low dietary carbohydrate content is more beneficial for

cardiovascular health. It should be noted that the

intervention studies described above were all short-term

(weeks) and so were not able to compare long-term CVD

outcomes resulting from the various diets. Thus, we await

long-term studies before these data can be used to help

shape nutritional recommendations for patients at CVD

risk.

Interactions of Genetics and Dietary Interventions

Given that both genetics and diet contribute to the

atherogenic lipoprotein phenotype, it is natural to expect

that there may be interactions between the two factors. For

example, individuals with specific variants in a gene may

experience changes in lipoprotein concentrations when

placed on a particular diet, whereas individuals with other

variants in the gene may be resistant to the effects of that

diet. Another possibility is that individuals with one set of

genetic variants may experience different types of lipo-

protein changes than individuals with a different set of

genetic variants, when all are placed on the same diet. This

might manifest, for instance, as some individuals being

more prone than others to developing atherogenic dyslipi-

demia on a high-carbohydrate diet. Although data is sparse

in regard to whether such interactions exist, some limited

work suggests that interactions may play an important role

in determining lipoprotein profiles and may thus be infor-

mative for CVD risk prediction. For example, knowledge

of a patient’s genetic information may allow medical

providers and nutritional counselors to predict what lipo-

protein changes are likely to occur if the patient starts a

particular dietary intervention and, thus, better advise the

patient regarding lifestyle changes.

In one study, 50 individuals with pattern A lipoprotein

profiles, offspring of 29 sets of parents, were tested for

induction of pattern B with a very-high-carbohydrate diet

[47]. Notably, all six of the subjects who converted to

pattern B were descended from two pattern B parents.

Quantitatively, LDL peak particle size decreased to a

greater degree in offspring of two pattern B parents than in

offspring of two pattern A parents. These findings suggest

that there is a heritable basis for the induction of athero-

genic dyslipidemia by a carbohydrate-rich diet.

A more detailed study was performed to examine the

interaction of varied dietary fat content and variation in the

APOA5 gene, one of the genes previously linked to ath-

erogenic dyslipidemia [39, 48]. An uncommon DNA

sequence variant in APOA5 (*6% frequency in individu-

als of European descent) that alters the 19th amino acid of

the apoA-V protein from serine to tryptophan, termed

APOA5*3, was compared to the usual variant at the DNA

base, termed APOA5*1. Individuals who had a genotype of
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*1/*3 (one of each variant), when compared to individuals

with *1/*1 (two copies of the usual variant) had higher

small LDL particle concentrations and triglycerides, as

well as higher prevalence of pattern B, regardless of

whether they were on a low-fat or high-fat diet. Also, there

were higher small LDL particle concentrations and tri-

glycerides and higher prevalence of pattern B when com-

paring all individuals on a low-fat diet compared to those

on a high-fat diet. However, there were no differences in

the relative changes of small LDL particle concentrations

and triglycerides—or relative rates of pattern B—between

*1/*3 and *1/*1 individuals on low-fat versus high-fat

diets.

Thus, while both the *3 allele and, separately, a low-fat

diet influenced the lipoprotein profile towards atherogenic

dyslipidemia, there was no evidence for an interaction

between genotype and diet. Interestingly, the only signifi-

cant difference seen in the relative changes of lipoproteins

between the two genotype groups on fat-varied diets was

with the LDL2 subfraction (corresponding to medium-large

LDL particle concentrations), where *1/*3 subjects expe-

rienced a threefold greater decrease in LDL2 than *1/*1

subjects when on a low-fat diet versus a high-fat diet [39].

Thus, APOA5 did not appear to affect dietary induction of

atherogenic dyslipidemia, though it did modulate dietary

effects on some lipoproteins.

A somewhat different analysis in the Framingham Heart

Study examined both the APOA5*3 variant as well as a

different variant that alters a DNA base in the APOA5

promoter (–1131T [ C, termed APOA5*2) with respect to

potential interactions with dietary fat intake in modulating

lipoproteins [46]. Individuals with the APOA5*2 variant

displayed increased triglycerides and smaller LDL size

when the dietary PUFA content was [6% (by calories);

individuals without the variant showed no differences with

varied PUFA intake. There were no interactions of the

APOA5*2 variant with total fat, saturated fat, or MUFA

intake, nor were there any interactions of the APOA5*3

variant with any type of fat.

Thus, while both of the APOA5 studies discussed here

suggest that APOA5 does influence the dietary effects of fat

intake on lipoproteins, they disagree on the effects of

specific gene variants. This highlights a critical problem in

the study of gene-diet interactions, the lack of consistency

between studies. In this example, the two studies differed

in study design (one was a short-term interventional study,

the other an observational prospective cohort study), the

types of diets examined (one focused only on total fat

intake, the other on total fat as well as specific types of fat),

the variants examined (one focused only on APOA5*3, the

other on both APOA5*2 and APOA5*3), the measurement

of lipoproteins (one assessed each of the LDL subfractions,

the other only LDL size), and the populations studied (one

focused on overweight men, the other on a population-

based sample).

As such, it is difficult to draw any firm conclusions

from any one gene-diet study in the absence of replication

by another study that examined the same question using

similar methodologies. For example, one study demon-

strated that a Mediterranean-style, MUFA-rich diet com-

pared to a high-carbohydrate diet increased LDL size

in individuals with certain APOE gene variants but

decreased LDL size in those with other APOE variants;

[43] this is potentially a clinically important observation,

but no confirmatory study has yet emerged, calling this

observation into doubt. As pointed out by others, the field

would greatly benefit from increased collaboration and

coordination of studies among international nutrition

researchers [49].

Conclusion

Atherogenic dyslipidemia appears to be an important inde-

pendent risk factor for CVD, confirmed by principal com-

ponent analysis of lipoprotein subfractions in a large

prospective cohort study. As the genetic basis of lipoprotein

metabolism becomes better understood, gene variants con-

tributing to atherogenic dyslipidemia are being identified;

these genes may serve as therapeutic targets to modulate the

adverse effects of the dyslipidemia. It is clear that either

reduction of dietary carbohydrate content or weight loss will

improve an atherogenic dyslipidemic profile, whereas spe-

cifically altering fat or saturated fat content may have little

influence. We await long-term clinical trials to assess whe-

ther genetic and/or dietary interventions with the intent of

modifying the dyslipidemia will ultimately translate into

reduction of CVD risk.
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Abstract For recommendations of specific targets for the

absolute amount of saturated fat intake, we need to know

what dietary intake is most appropriate? Changing agri-

cultural production and processing to lower the relative

quantities of macronutrients requires years to accomplish.

Changes can have unintended consequences on diets and

the health of subsets of the population. Hence, what are the

appropriate absolute amounts of saturated fat in our diets?

Is the scientific evidence consistent with an optimal intake

of zero? If not, is it also possible that a finite intake of

saturated fats is beneficial to overall health, at least to a

subset of the population? Conclusive evidence from pro-

spective human trials is not available, hence other sources

of information must be considered. One approach is to

examine the evolution of lactation, and the composition of

milks that developed through millennia of natural selective

pressure and natural selection processes. Mammalian

milks, including human milk, contain 50% of their total

fatty acids as saturated fatty acids. The biochemical for-

mation of a single double bond converting a saturated to a

monounsaturated fatty acid is a pathway that exists in all

eukaryotic organisms and is active within the mammary

gland. In the face of selective pressure, mammary lipid

synthesis in all mammals continues to release a significant

content of saturated fatty acids into milk. Is it possible that

evolution of the mammary gland reveals benefits to satu-

rated fatty acids that current recommendations do not

consider?

Keywords Saturated fat � Milk fat � Dietary intake �
Lipoproteins

Abbreviations

LDL Low-density lipoprotein

HDL High-density lipoprotein

PPAR Peroxisome proliferator activated receptor

PGC-1 PPAR gene transcription coactivator

LPS Lipopolysaccharide

Introduction

Diet, Fatty Acids, and Lipoproteins

Lipids and their simplest structural elements, the fatty

acids, provide myriad functions at all levels of cellular life.

Nutritional scientists are still wrestling to develop a rudi-

mentary understanding of the roles that dietary lipids exert.

Lipids as simple fats are the most concentrated energy

source in the diet. Until recently, this fact alone made lipids

a valuable food component; however, a global epidemic of

caloric imbalance and obesity has undermined this one

aspect of lipid nutrition. Nonetheless, dietary lipids are

well recognized as providing the essential fatty acids and to

dissolve and aid in the absorption of fat-soluble vitamins.

Fats also produce a broad range of effects to whole body

metabolism when consumed in foods. These effects,

although not yet fully understood, are a complex conse-

quence of the absolute and relative fat content, the fatty

acid composition, the structure of other components in the

foods, the timing of consumption and individual variations

among those consuming them. Once ingested, lipids
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provide a diverse range of molecular functions and actions

within cells and tissues beyond providing simple energy.

Fatty acids are required for membrane synthesis, modifi-

cations of proteins and carbohydrates, construction of

various structural elements in cells and tissues, production

of signaling compounds and for oxidative fuel. The ability

of lipids to associate spontaneously into multi-molecular

structures of non-polar substituents provides a unique

domain structure to biology (vesicles, globules, lipopro-

teins). These structures solubilize a variety of non-polar

and poorly soluble cellular and extracellular constituents

and transport such molecules within and between cells and

tissues.

Given these various roles, why would saturated fats be

so poorly thought of nutritionally? In one sense, saturated

fats in the diet are unnecessary. All organisms, including

humans, are fully capable of synthesizing saturated fatty

acids. In the absence of sufficient dietary fat, the body is

apparently capable of synthesizing all of the saturated fatty

acids that it needs from the ubiquitous precursor building

block acetate. This does not mean to infer that all saturated

fatty acids are biologically indistinguishable. In fact, cells

produce a remarkable diversity of saturated fatty acids

under particular conditions, and although not all of their

functions are known, they are clearly not simply inter-

changeable. Compositional analyses reveal remarkable

specificities for particular saturated fatty acids in different

lipid classes, cellular compartments and tissues [1]. Stubbs

and Smith [2] reviewed studies aimed at understanding the

requirement of membranes for specific fatty acid compo-

sitions. Interestingly, although composition is sensitive to

polyunsaturated fatty acids, the content of saturated fatty

acids in rat tissue membrane phospholipids is relatively

constant at *40% regardless of dietary fat source, indi-

cating a control mechanism at some level. The de novo

synthesis of saturated fatty acids is inhibited by feeding a

high-fat diet [3], and membrane fragility resulting from

feeding a low dietary saturated fatty acid diet is overcome

by feeding a diet rich in fat [4].

The complexity of structure and the diversity of func-

tions of fatty acids, both unsaturated and saturated, remain

poorly understood, and in only a few biological situations

have distinct actions of fatty acids been described. The

majority of research on fatty acids consumed in the diet has

focused principally on their role in lipoprotein metabolism.

Authors of a recent meta-analysis of prospective studies on

dairy food consumption and incident vascular disease and

Type 2 diabetes concluded that it is not possible to estimate

quantitative relationships with disease incidence with any

confidence. The authors also point out that apart from the

effects of dairy foods on plasma lipids and on blood

pressure, very little is known about the biological mecha-

nisms underlying such relationships [5]. Even for

lipoprotein metabolism, for which literally billions of

dollars have been invested in research, little is actually

known. For example, only in 2005 was the basic mecha-

nistic link between saturated fatty acids and cholesterol

metabolism revealed [6]. This relationship between satu-

rated fat in the diet and cholesterol metabolism was one of

the most baffling scientific challenges of the twentieth

century. How could such a ubiquitous, non-essential

component of diets and tissues—saturated fat—cause an

increase in the accumulation of cholesterol-rich LDL in

blood? As scientific research on cholesterol metabolism

proceeded through the twentieth century, the question

became even more perplexing. Brown and Goldstein [7]

won the Nobel prize for identifying the LDL receptor on

the liver as being what controlled the concentration of

serum cholesterol. What then regulates the expression of

the LDL receptor on the surface of liver cells? Cellular

cholesterol levels within the liver cell simultaneously

control cholesterol synthesis and uptake by regulating the

expression of the genes for the proteins that make choles-

terol in the cell and for the proteins that take up cholesterol

from blood as LDL. Not surprisingly, when cholesterol

levels in the cell are adequate, the genes are not turned on.

However, when cholesterol levels are low, all of these

genes are turned on using the identical transcription factor

protein—sterol response factor binding protein [8].

Although these studies made sense of cellular cholesterol

regulation—if the cell needs more cholesterol, it simulta-

neously turns on the genes to make more via cholesterol

biosynthetic enzymes and takes more from blood via the

LDL receptor—they failed to explain the role of diet in

these processes.

If the same transcription factor turns on both cholesterol

biosynthesis and the LDL receptor, how can saturated fat

uncouple these two processes, simultaneously making more

cholesterol and yet shutting down the receptor? Puigserver

and Spiegelman [9] found that the liver contains an addi-

tional gene control system, the peroxisome proliferator

activating receptor (PPAR), and it is in turn controlled by a

higher order protein complex termed (logically) the PPAR

gene transcription coactivator (PGC-1). This transcription

factor coactivator family recruits entire complexes of pro-

teins into transcriptional regulatory units controlling such

multi-faceted properties as mitochondrial biogenesis [10].

In a striking result, Lin et al. [6] discovered that, when

exposed to high levels of saturated fatty acids, liver cells

both in vivo and in vitro actively turned on PGC-1b, and

even more astonishingly, this coactivator simultaneously

turned on cholesterol biosynthesis and turned off the LDL

receptor. Thus, in one bold study, the basic target linking

dietary saturated fat and serum cholesterol was revealed.

This mechanism would account for the tendency of diets

very high in saturated fat to raise total cholesterol in blood.
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For some individuals, such a response could raise one of

the risk factors for heart disease if they consumed diets high

in saturated fat. An obvious question is what are the benefits

to this biochemical response that would have caused it to be

selected through evolution? Scientists are only now begin-

ning to address the basic biological value of this regulatory

control system. Nonetheless, diets very high in saturated fat

would not seem prudent, as would any diet high in any food

component.

Recommendations that the population decrease their

intake of saturated fats was based not on a mechanistic

understanding, but on years of observational evidence that

dietary saturated fats generally increase blood cholesterol

concentrations in animals and humans [11]. This alteration

of risk factors does not necessarily lead to increases in

heart disease and is certainly not universally true in all

populations studied. Some studies of human populations

evaluating the effects of saturated fat diets do not show the

predicted elevation in heart disease; in fact, some studies

see the reverse effect [12]. Recent studies are beginning

to assign genetic or physiological explanations to these

varying outcomes; for example, low birth weight appears to

have an effect on subsequent responses to dietary fat [13].

Beare-Rogers [14] suggested that the saturated fatty acid

requirements are also related to the stage of development.

For example, saturated fatty acids appear to be essential

for the newborn, the young and during rapid growth as

they are required for the synthesis of membranes and

lipoprotein.

Are Recommendations to Lower Total Fat Intakes

Justified for Everyone?

Is the justification for broad recommendations to lower

total fat intakes in all individuals supported by scientific

evidence? In 1977, the US population was first recom-

mended to reduce the intake of fat, with some recom-

mendations being to reduce total fat to below 30% of

calories [15]. The American Heart Association recom-

mended that the percentage of calories be 28.6 and 25.3%

total fat, respectively, and 9 and 6.1% saturated fat,

respectively, in Step 1 and Step 2 diets for treatment of

high blood cholesterol. This recommendation had unan-

ticipated effects. Framingham Heart Study data showed

that people with high triacylglycerol concentrations

([1.7 mmol/l) and low HDL cholesterol concentrations

(\1.03 mmol/l) run a significantly higher risk of coronary

artery disease [16]. The long-term health benefits of con-

suming a low-fat diet—particularly taking into account the

variation in human responses—have not been proven and,

to the contrary, some individuals move their risk profile,

even for heart disease, in an adverse direction [17, 18]. In

one study, healthy, non-diabetic volunteers consumed diets

that contained, as a percentage of total calories, either 60%

carbohydrate, 25% fat and 15% protein, or 40% carbohy-

drate, 45% fat and 15% protein [19]. Those consuming the

60% carbohydrate diet had higher fasting plasma triacyl-

glycerol, remnant lipoprotein and remnant lipoprotein tri-

acylglycerol, and lower HDL cholesterol without changing

LDL cholesterol concentration. The low-fat diet lowered

HDL cholesterol and caused a persistent elevation in

remnant lipoproteins [19], both factors that are increasingly

recognized to be important independent risk factors for

heart disease and other metabolic diseases. These findings

led the investigators to publish the question whether it is

wise to recommend that all Americans replace dietary

saturated fat with carbohydrate. It is important to point out

that dietary carbohydrates have been associated with

dyslipidemia [20], and lipoprotein risk factors are similar

whether diets are high in fat and saturated fat or low in fat

and high in sugar. Elevated triglyceride concentrations are

related to increased hepatic secretion and impaired clear-

ance of VLDL lipoprotein [21, 22]. Triglyceride response

to dietary sugar may vary with the amount of sugar and the

presence of other nutrients. Stanhope and Havel [23]

reported that a high-fructose diet led to visceral adiposity,

dyslipidemia and insulin resistance, and insulin resistance

upregulates VLDL production. Perhaps the study most

devastating to the basic principle that a lower fat diet

improves the health of the entire population was a pro-

spective study (The Women’s Health Initiative Random-

ized Controlled Dietary Modification Trial) that selected

approximately 49,000 women to compare a group of

women consuming low-fat diets and increased fruit and

vegetable consumption with a group receiving only diet-

related education materials. After 8.1 years, there were no

statistical differences in heart disease outcomes [24]. Two

possible interpretations could be drawn from this study:

first, that lower fat intakes have no effect on any women,

and second, that individuals vary in their response to fat

and some women are benefitted and some are adversely

affected and the net numbers of each are relatively close,

leading to a conclusion in this trial of no effect of a low-fat

diet.

Individual Response to Dietary Fat Intakes

Ordovas [25] reviewed key factors in lipid metabolism

and obesity that indicate an interplay among genes, gen-

der, and environmental factors that modulate disease

susceptibility. Studies of response to dietary fats have

found variation among individuals [26] and differences

between men and women [27] in their response to dietary

fat changes. Studies of individual sensitivity to changes in

dietary saturated fats showed groups of consistent hyper-

responders and minimal responders within a population of
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hypercholesterolaemic individuals [26]. Measurements of

serum cholesterol in response to a decrease in dietary

saturated fat showed that total cholesterol decreased to a

greater extent in men than in women [27]. There are also

differential responses in individuals that consume low-fat

diets [28]. A series of studies showed that very-low-fat

(10%), high-carbohydrate diets enriched in simple sugars

increased the synthesis of fatty acids, especially palmitate,

and that the individual differences in increased blood

triglyceride concentrations varied considerably [29].

These fluctuations observed time after time have given

impetus to the field of Nutrigenomics, and scientists are

now pursuing more detailed analyses of individuals, their

responses to diet and the mechanistic basis for variations

in diet and health risk [30].

Controversy still remains high as to the roles that dietary

fat and cholesterol play in the risk of heart disease, and the

wealth of confounding factors demonstrate that saturated

fat is not an overwhelming input variable for any popula-

tion studied to date. Dietary saturated fats are not the only

variables associated with heart disease—the causes are

multi-factorial. The results of studies on the etiology of

heart disease are inclusive and sometimes contradictory. It

is time to take a broader view to the multiple actions and

functions of each of the different saturated fats and a more

individual view to assessment of diet and risk.

Biological Activities of Saturated Fatty Acids

The overwhelming emphasis on the role of saturated fats in

the diet and risk of coronary heart disease has distracted

investigators from studying other effects that individual

saturated fatty acids may have in the body. This omission is

perhaps important considering the abundance in mamma-

lian milks of a wide range of saturated fatty acids with

different chain lengths. In the context of evolution and the

obvious natural selective pressure on the development of

milk and all of its constituents, how do saturated fatty acids

affect growth, development and survival of mammalian

offspring?

Fatty acids are present in all body tissues, where they are

a major part of the phospholipid component of the cell

membrane. They contribute to the structural diversity

within the membrane, which is now recognized to be a key

aspect of membrane functions [31]. Fatty acids anchor

proteins to particular regions of cell membranes, partici-

pate in signaling activities, transport cellular components

and provide fuel. Saturated fatty acids have been suggested

as being the preferred fuel for the heart [32]. In the absence

of sufficient fat from the diet, the body synthesizes fatty

acids, typically from carbohydrates. An interesting obser-

vation has been made that in adult rat liver, erucic acid

(22:1)—a fatty acid that has been associated with heart

disease and that is present in rapeseed oil—is rapidly

converted to 18:0, demonstrating the conservation of car-

bons by chain-shortening of a monounsaturated fatty acid

to an unsaturated fatty acid [33]. Even though all fatty

acids present in the diet can be broken down and resyn-

thesized into saturated fats, they have discrete effects.

Different structures of fatty acids appear to have differing

effects on a variety of metabolic and physiological pro-

cesses when they are ingested.

Short-chain fatty acids are hydrolyzed preferentially from

triacylglycerols and absorbed from the intestine into the

portal circulation without resynthesis of triacylglycerols.

These fatty acids serve as a ready source of energy. Butyric

acid (4:0) is the shortest saturated fatty acid and is present in

ruminant milk fat at 2–5% by weight [34], which on a molar

basis is about one-third the amount of palmitic acid (16:0).

Human milk contains a lower percentage (ca. 0.4%) of

butyric acid. No other common food fat contains this fatty

acid directly; however, the consumption of a wide range of

fermentable carbohydrates can lead to the synthesis of

butyric acid by endogenous microflora in the lower intestine.

Butyrate is a well-known modulator of genetic regulation,

and its ability to promote differentiation has led various

investigators to pursue this mechanism as a means to alter the

risk and development of cancer [35, 36]. This fatty acid also

lowers processes of inflammation in the intestine, acting

through short-chain fatty acid-binding receptors [37].

In bovine and human milk, caproic acid (6:0) is present

at ca. 1 and 0.1%, respectively, and caprylic acid (8:0) and

capric acid (10:0) are present at ca. 0.3 and 1.2%, respec-

tively, of the milk fat. Not surprisingly from its nomen-

clature, goat milk contains the highest percentage of

caprylic acid, at 2.7% of milk fat. Studies to date have

documented that these three fatty acids have similar bio-

logical activities when tested as antimicrobial agents.

Caprylic acid lowers salmonella infection in chickens [38].

Caprylic and capric acid have antiviral activity. The

monoglyceride form, monocaprin, has been shown in vivo

in animals to possess antiviral activity against retrovirus

infection [39].

Lauric acid (12:0) is present in human and bovine milk

at ca. 5.8 and 2.2%, respectively, of the milk fat. Studies

have shown antiviral and antibacterial activities of lauric

acid [40, 41]. Release of lauric acid in the stomach may

have direct antimicrobial activities towards Helicobacter

pylori, either as the fatty acid or monoacylglycerols pro-

duced by lingual lipase(s) acting on the triacylglycerols

present milk fat [42, 43]. These antibacterial actions of

lauric acid have been proposed to provide anticaries and

antiplaque activities [44]. The overall antimicrobial effects

of the medium-chain saturated fatty acids and their mon-

oacylglycerol derivatives on various microorganisms,
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including bacteria, yeast, fungi and enveloped viruses,

were originally suggested to be acting through the lipid

membranes of the organisms [45]. Support for this deac-

tivation process has been shown using human and bovine

milk [46]. Monolaurin released from milk lipids by lipases

may account for milk’s anti-protozoal activities [47]. The

biological activity of laurate has been interesting in other

aspects not related to the diet. For example, a remarkable

experiment showed that monolaurate provided consider-

able protection from HIV infection when used topically on

reproductive tissues in primates [48].

Bovine milk fat contains 8–14% myristic acid (14:0) and

in human milk, it averages 8.6% of the milk fat. Human

epidemiological studies have shown that myristic acid and

lauric acid were the saturated fatty acids most strongly

related to the average serum cholesterol concentrations in

humans [49]. Nonetheless, several studies have shown that

myristic acid increases HDL cholesterol at least as much as

LDL cholesterol, and further studies have demonstrated

that the unique positional distribution of myristic acid in

the sn-2 position of triglycerides in milk fat is responsible

for its tendency to raise HDL [50].

Palmitic acid is present in human and bovine milk at 22.6

and 26.3%, yet almost exclusively esterified at the sn-2

position of the triglyceride. This unusual stereospecific dis-

tribution appears to have important nutritional and biologi-

cal implications. Human infants consuming a formula

containing triacylglycerides similar to those in human milk

(16% palmitic acid esterified predominantly to the sn-2

position) have improved intestinal absorption not just of the

palmitic acid but calcium as well [51, 52]. Recently,

Speigelman’s group showed that palmitic acid stimulated

the expression and activities of the transcription coactivator

PGC-1b and by so doing promoted the transcriptional reg-

ulation of biosynthesis of lipoproteins from the liver [6]. This

finding places a mechanistic understanding of the cellular

actions of saturated fatty acids, particularly palmitic acid. In

the context of milk, this mechanism implies that palmitic

acid may have an important role in promoting successful

lipoprotein metabolism in infants. This same transcription

coactivator PGC-1b was also found to promote myocardial

development [53]. Finally, PGC-1b was shown to increase

biogenesis of mitochondria in neurons [54], further implying

that this mechanism could well be involved in diverse

aspects of metabolic regulation and its saturated fatty acid-

appropriate development throughout the body in infants.

It is not known if the presence of palmitic acid in human milk

is important in the coordinate regulation and activity of

PGC-1b in any of these activities.

Stearic acid (18:0) is an abundant fatty acid in milk,

present in human and bovine milk fat at 7.7 and 13.2% of fat,

respectively. Stearic acid is synthesized from palmitate via

the elongase enzyme, either in the mammary gland by the

same enzyme that is active in liver, coded by gene ELOV5

[55, 56], or by ELOV1, whose expression is induced in the

mammary gland during lactation [57, 58]. Both of these

genes are regulated by diet, hence the net production of

stearic acid is under various aspects of metabolic control.

Surprisingly, little research has pursued the specific actions

of stearic acid when consumed in milk by infants, in spite of

its abundance and obvious regulation within the mammary

gland during fat synthesis. In adults, stearic acid does not

appear to raise serum cholesterol, hence it is considered

neutral to heart disease risk. This fatty acid may exert other

effects also consistent with protection from heart disease via

separate mechanisms. Healthy males who consumed dietary

stearic acid (19 g/d) for 4 weeks exhibited beneficial effects

on thrombogenic and atherogenic risk factors as compared

with the effects of dietary palmitic acid [59].

Delivery of Fat-Soluble Nutrients

Fat-soluble nutrients include the essential nutrients vitamins

A, D, E and K, carotenoids as vitamin A precursors, essential

polyunsaturated fatty acids, and non-essential nutrients such

as various tocopherols, phenolics, carotenoids (e.g., lyco-

pene, lutein and zeaxanthin) and conjugated linoleic acid

isomers that cannot be made by humans. Fat-soluble nutri-

ents are increasingly recognized as pleotrophic nutrients

with several discrete actions in addition to the direct func-

tions for which their essentiality has been established. As a

result, consumption of these components is considered to

have biological activities beyond the simple prevention of

deficiency and is consistent with many aspects of health

[60–62]. In epidemiological studies, the abundance of

fat-soluble nutrients in tissues is frequently reported to be

inversely correlated with a variety of chronic and degener-

ative diseases, including cancers [63, 64], cardiovascular

diseases [65, 66], diabetes [67] and specific tissue degener-

ation such as macular degeneration [68] [58, 59]. With the

recognition that there are potential health values associated

with the presence of fat-soluble nutrients in tissues, their

absorption from the diet has become a key issue. In general,

non-polar molecules are poorly absorbed, and it is not certain

that the presence of a component in a food means that it will

be absorbed and delivered to particular tissues in which it

might be active [69]. The lipid-soluble components of milk

appear to be well absorbed into and accumulated in tissues,

although the basic mechanisms by which such a net delivery

is accomplished are not known [70, 71].

Milkfat and HDL

Breast feeding stimulates the production of serum lipids

and lipoproteins [72, 73]. Interestingly, this increase in
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serum lipids in infancy is reversed in adulthood [74].

Nonetheless, throughout life, when compared with either

carbohydrates or polyunsaturated fatty acids, the con-

sumption of bovine milk fat results in the elevation of

circulating HDL cholesterol. Decades of research have

documented that blood HDL cholesterol concentrations are

a very strong and independent predictor of heart disease

[75]. This relationship has not been as successfully

exploited therapeutically as lowering LDL, however,

because HDL concentrations are not as responsive to diet

and drugs as those of LDL. A major pharmacologic effort

has pursued an increase in HDL cholesterol concentrations

in humans as a means to reduce cardiovascular risk. This

research is based on the extensive evidence of the associ-

ations of high HDL with protection from heart disease,

even in the face of elevated LDL. There is also evidence of

an opposite relationship, that low HDL is associated with

increased risk, with or without elevated triglycerides.

However, it has not been possible to assign independent

variables to HDL differences, and studies have largely been

based on HDL concentrations that are presumably high or

low based on genetic rather than dietary determinants

[76, 77].

HDL exert beneficial effects on overall health by myriad

mechanisms, including binding and eliminating toxins,

delivering bioactive compounds, protecting various cells

and lipoproteins from damage and participating in their

repair [78–80]. HDL is particularly important in the suc-

cessful response to infection by binding and clearing bac-

terial endotoxin or lipopolysaccharide (LPS). LPS is the

major glycolipid component of gram-negative bacterial

outer membranes and is responsible for pathophysiological

symptoms characteristic of infection. A wide variety of

studies have documented that LPS is associated with

plasma lipoproteins, suggesting that sequestering of LPS

by lipid particles may form an integral part of a humoral

detoxification mechanism [81, 82]. The binding of LPS to

lipoproteins is highly specific under simulated physiologi-

cal conditions, and HDL has the highest binding capacity

for LPS [83, 84]. This basic protection mechanism may be

particularly important for children [85] and for intestinally

derived endotoxin. Thus, lipoprotein-binding protein–

lipoprotein complexes may be part of a local defense

mechanism of the intestine against translocated bacterial

toxin. Because milk fats enhance HDL concentrations, they

are of potential importance in protection against bacterial

LPS toxicity.

Conclusions

The genes and biochemical processes of lactation that

produce milk fat evolved under the constant selective

pressure of nourishing mammalian infants. Lipids in milk

are a source of energy for the neonate of each species. The

composition and structures of lipids in milk provide bio-

active components that, although not identified as ‘‘essen-

tial’’ nutrients by standard definitions, none-the-less serve

important functions as structural building blocks, fuels,

transport systems, anti-inflammatory, anti-bacterial and

antiviral agents in the intestine. These lipids include tria-

cylglycerols—which are metabolized to monoacyl- and

diacylcerides and fatty acids—and phospholipids such as

sphingomyelin. The lipids in milk are also carriers of

important fat-soluble vitamins such as vitamin E, vitamin

A and vitamin D.

The absolute quantities and proportionate balance of the

various macronutrients in human diets remains the subject

of both scientific research and public health speculation.

Although unquestionably evolved to nourish infants,

detailed examinations of milk and lactation in humans and

other mammals are revealing new insights into structures

and functions of different components in the diet, including

fat. The gene set responsible for the production of lipids is

a conspicuously retained subset of the genome throughout

mammalian lactation, implying that milk is, in many

respects, a lipid delivery system [86]. Saturated fatty acids

are a significant component of all mammalian milks

examined, including human milk. Thus, whereas diets

inordinately high in any component are likely to be net

deleterious, finite quantities of saturated fatty acids may

provide distinct mechanistic benefits to various metabolic

processes. Recognizing that different humans with differ-

ent lifestyles respond differently to fat intakes and com-

positions implies that in the future, diets will be designed

for individuals not populations. In such a future, finite

intakes of specific saturated fats may actually be

recommended.
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Abstract The health effects of milk and dairy food

consumption would best be determined in randomised

controlled trials. No adequately powered trial has been

reported and none is likely because of the numbers

required. The best evidence comes, therefore, from pro-

spective cohort studies with disease events and death as

outcomes. Medline was searched for prospective studies of

dairy food consumption and incident vascular disease and

Type 2 diabetes, based on representative population sam-

ples. Reports in which evaluation was in incident disease or

death were selected. Meta-analyses of the adjusted esti-

mates of relative risk for disease outcomes in these reports

were conducted. Relevant case–control retrospective stud-

ies were also identified and the results are summarised in

this article. Meta-analyses suggest a reduction in risk in the

subjects with the highest dairy consumption relative to

those with the lowest intake: 0.87 (0.77, 0.98) for all-cause

deaths, 0.92 (0.80, 0.99) for ischaemic heart disease, 0.79

(0.68, 0.91) for stroke and 0.85 (0.75, 0.96) for incident

diabetes. The number of cohort studies which give evi-

dence on individual dairy food items is very small, but,

again, there is no convincing evidence of harm from con-

sumption of the separate food items. In conclusion, there

appears to be an enormous mis-match between the evi-

dence from long-term prospective studies and perceptions

of harm from the consumption of dairy food items.

Keywords Dairy �Milk � Butter � Cheese � Heart disease �
Stroke � Diabetes � Cohort studies

Introduction

Milk and dairy foods contain saturated fats, and their

consumption often leads to a rise in plasma cholesterol

level. This, together with the belief that milk is ‘fattening’,

appears to have led to the widespread conviction that milk

and dairy foods are a factor in obesity and in heart disease,

and that their consumption should be limited.

At least ten hypotheses have been defined in attempts to

explain the supposed harm from milk and dairy con-

sumption [1]. The mechanism most frequently quoted is,

undoubtedly, a rise in plasma cholesterol concentration

following the ingestion of milk or a dairy food item. The

drawing of conclusions about milk from its effect upon a

single ‘intermediate’ variate, such as cholesterol level, is,

however, quite unreasonable, as it ignores the fact that

milk, being a complex food with a host of nutrients, is

likely to affect many mechanisms relevant to the devel-

opment of vascular and other diseases. The only valid basis

for conclusions about a food item and health or survival

comes from long-term studies of the consumption of that

food and the incidence of disease or death.

Archie Cochrane was one of the first to urge that con-

clusions in clinical practice and in medical research are

evidence-based, and that the evidence considered comes

from all of the available, bias-free relevant studies [2]. The

urgings of Cochrane and others have led to ‘evidence-based
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medicine’ within the whole field of clinical and public health

practice. Alvarez-León et al. [3] have, however, pointed out that

statements about the benefits and risks of dairy product con-

sumption appear to be based on selected physio-pathological

data, such as relationships with cholesterol level, and not on

valid epidemiological evidence, indeed, as Alvarez-León

et al. commented: ‘‘Public health nutrition should not be

unaware of the need for evidence-based conclusions.’’

The most convincing evidence on a food item and health

would come from randomised controlled trials, but no

adequately powered trials of milk or dairy consumption

have been reported, nor are any likely to be conducted

because of the numbers of participants required and the

compliance that would be necessary from each participant.

By default, the best evidence on dairy food consumption,

health and survival comes, therefore, from long-term

cohort studies with disease events and death as the

outcomes.

We report the results of a literature search and meta-

analyses of prospective cohort studies of milk and dairy

food consumption as predictors, and death, vascular disease

and diabetes as outcomes. We also summarise evidence

from relevant retrospective case–control studies.

Experimental Procedure

As far as possible, the procedures in the review and meta-

analyses which we conducted are those outlined by Egger

et al. [4] and Moher et al. [5] using the statistical pro-

grammes available at http://www.systematicreviews.com.

Search Strategy

A number of searches were conducted using Medline,

PubMed and ISI Web of Science, and four researchers were

involved. Using the search terms for predictors: milk,

dairy, dairy products, cheese, butter, cream and yoghurt,

together with the terms for outcomes: death, heart disease

and stroke, 138 papers were identified and limiting these to

‘adult’ gave 47 papers. The predictors together with the

outcome terms diabetes and diabetes mellitus Type 2 gave

330 papers. From these, five papers were selected. Papers

which used a composite of foods including dairy items as a

predictor were not selected. A further three papers with

relevant results, which had not been detected in the elec-

tronic searches but which had been identified by the lead

author during extensive reading over the past ten and more

years, were included.

In the end, a total of 38 reports of cohort studies were

selected and used in the analyses presented. Five case–

control retrospective studies which gave relevant data

are described in what follows, but are not examined by

meta-analyses. In an attempt to clarify uncertainties, and/or

to obtain further data, letters were sent to 14 authors, but

responses were obtained from only a very few.

Meta-Analyses

The results of a test of homogeneity between studies is

given for each dairy food, together with estimates of the

overall relative risk. Difficulties arose from the fact that the

results of individual studies were reported in terms of rel-

ative risk, odds ratio or hazard ratio. These three measures

of risk are not entirely equivalent. However, in almost all

of the studies, the event rate is well below 10% and, in this

situation, the odds ratio can be considered as a good

approximation for the relative risk [4]. The hazard ratio is a

comparison of time-to-event and, so, is not an approxi-

mation for the relative risk. However, repeating the sum-

mary calculations with and without the studies which

reported a hazard ratio produced only a trivial difference in

the results.

The summary statistic was calculated using the ‘meta’

command in the Stata statistical software package [4]. This

uses an inverse-variance weighting to calculate fixed and

random effects summary statistics. The ‘meta’ command

was convenient as it calculates the variance using the con-

fidence intervals of the risk estimate. Homogeneity was

assessed using the Q statistic, which tests the null hypothesis

that the variation between trials is compatible with chance. It

follows a Chi-squared distribution with n - 1 degrees of

freedom, where n is the number of studies being investi-

gated. In many of our groupings, there was significant het-

erogeneity. The heterogeneity led to the choice of random

effects models for the summary statistics. The adjusted rel-

ative risks (RR) given in each individual report were noted,

and pooled estimates were obtained from these by weighting

the natural logs of each reported RR by the inverse of the

variance, as described by Gao et al. [6].

In addition to all of the above, data from relevant ret-

rospective case–control studies are described in the text.

Results

Dairy Foods

Eight long-term cohort studies have reported on all-cause

deaths in relation to dairy food consumption (Table 1).

Unfortunately, two of the studies [7, 8] do not include

sufficient data for inclusion in a meta-analysis. There is no

significant heterogeneity between the results for the six

studies (P = 0.427) and a meta-analysis suggests a small

but significant reduction in total mortality in the subjects

with the highest dairy consumption, relative to the risk in

926 Lipids (2010) 45:925–939
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the subjects with the lowest consumption (RR) 0.87; 95%

confidence limits (0.77, 0.98).

Milk

Table 2 summarises data from 11 cohort studies of milk

consumption and ischaemic heart disease (IHD). Again,

two do not include adequate data for inclusion in a meta-

analysis. The results of the other nine cohorts show no

significant heterogeneity (P = 0.570) and the overall risk

of incident heart disease in the subjects with the highest

milk intake, relative to those within each cohort with the

lowest milk intakes, is 0.92 (0.80, 0.99).

As indicated in a footnote to Table 2, the result reported

by Hu et al. [9] for whole milk (1.67; 1.14, 1.90) shows

marked heterogeneity with all the other estimates of risk

for milk. We have, therefore, used the estimate of Hu et al.

[9] for skimmed milk in our meta-analysis. If, however, it

is assumed that 20% of women in that cohort had been

drinking whole milk and 80% skimmed milk, then an

overall estimate of IHD risk in the cohort studied by Hu

et al. [9] is 0.96 (0.74, 1.15), and putting this estimate into

Table 1 Dairy foods and all-cause mortality. Details of cohort studies in which the consumption of ‘dairy foods’ (see text) was related to the risk

of death, with an estimate of homogeneity between the studies and the results of a meta-analysis

Study Number in

cohort (length

of follow-up)

Number

of deaths

Factors

adjusted for

Adjusted

estimate

of risk (95% CI)

Predictive factor

and subgroups compared

Kahn et al. [7]

An Adventists

cohort

22,033 subjects

(21 years)

6,075 Age, sex, smoking, history of

vascular disease,

hypertension, diabetes

0.98 (NS) 3? glasses/week vs\1 glass of

whole milk

van der Vijver

et al. [8]

Dutch Civil

Servants cohort

2,605 subjects

(28 years)

Numbers not

stated

Age, smoking, BMI, systolic

BP, cholesterol, energy,

alcohol

1.0 (0.7–1.4)

men

0.8 (0.5–1.3)

women

Top third of total calcium

intake vs lowest third

Kelemen et al.

[45]

Iowa Women’s

cohort

29,017 subjects

(15 years)

3,978 Age, BMI, smoking, energy,

education, hypertension,

post-menopausal, vitamins,

fat intake, fruit, vegetables,

fibre

1.10 (0.97–1.24) A simulation study substituting

a composite of milk, cream,

ice cream yoghurt and cheese

protein

Mann et al. [46]

Oxford Vegetarian

cohort

10,802 subjects

(13.3 years)

383 Age, sex, smoking, social class 0.87 (0.68–1.13) More than 1/2 pint milk/day vs

less than 1/2

Ness et al. [30]

Scottish Men

cohort

5,765 men

(25 years)

2,350 Age, social class, health

behaviour and health status

0.81 (0.61–1.09) 1 pint? milk/day vs no milk

Elwood et al. [31]

Caerphilly cohort

2,512 men

(20–24 years)

811 Age, smoking, social class,

IHD, BMI, energy, alcohol,

fasting cholesterol HDL

cholesterol and triglycerides

1.20 (0.80–1.80) 1 pint? /milk/day vs little or no

milk

Trichopoulou et al.

[47]

A Greek cohort

1,013 diabetic subjects

(4.5 years)

80 Age, gender, smoking,

education weight and height,

hip circum., insulin,

hypertension, hyperchol.,

food groups

0.92 (0.71–1.19) Increase in dairy foods

by 1 SD/day

van der Pols et al.

[48]

Carnegie cohort

4,374 subjects

(66–68 years)

1,468 Age, sex, area, energy, fruit,

vegetables, eggs, protein, fat,

energy

0.77 (0.61–0.98)a

0.77 (0.61–0.97)a

Top vs bottom quartile dairy

Top vs bottom quartile milk

Data from Kahn et al. [7] omitted because of the absence of detailed data; van der Vijver et al. [8] omitted because it was based on the total

dietary calcium; Kelemen et al. [45] omitted because it is a test of dietary substitution

0.64M person years; 5,092 deaths: heterogeneity between studies P = 0.427

Meta-analysis (random effects) RR (95% CI) for highest intake groups 0.87 (0.77–0.98)

vs = compared with, or relative to; 1 pint = 0.568 l
a In van der Pols et al. [48], the estimate for dairy intake was included in the above meta-analysis. This is reported as a hazard ratio and if it is

omitted from the meta-analysis, the heterogeneity is P = 0.470 and the overall RR = 0.91 (0.78–1.05)
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Table 2 Milk and dairy consumption and incident ischaemic heart disease (IHD). Details of cohort studies in which the consumption milk and

dairy foods was related to incident heart disease, with the results of a meta-analysis

Study Number of subjects

(length of

follow-up)

Number of

heart disease

events

Factors adjusted for Adjusted estimate

of risk (95% CI)

Predictive factor

Snowdon et al.

[33]

An Adventists

cohort

8,725 males

15,048 females

(20 years)

758

841

IHD deaths

Age, smoking and other food

items, weight, marital status

0.94

1.11

Two glasses of milk/day vs

none

van der Vijver

et al. [8]

Dutch Civil

Servants

cohort

1,340 males

1,265 females

366

178

CHD deaths

Age, smoking, BMI, systolic

BP, cholesterol, energy,

alcohol

0.77 (0.53–1.11)

0.91 (0.55–1.50)

Top and bottom tertile of

dietary calcium intake

Fraser [49]

An Adventists

cohort

26,473 subjects

(duration not

stated)

Total CHD no.

not stated

None 1.33 (P \ 0.07) One glass or more whole milk

vs none

Kelemen et al.

[45]

Iowa Women’s

cohort

29,017 subjects

(15 years)

739 CHD

deaths

Age, BMI, smoking, energy,

education, hypertension,

post-menopausal, vitamins,

fat intake, fruit, vegetables,

fibre

1.41 (1.07–1.87) A simulation study substituting

a composite of milk, cream,

ice cream yoghurt and cheese

for protein

Nettleton et al.

[50]

ARIC cohort

14,153 subjects

(13 years)

1,140 incident

heart failure

Age, sex, race, smoking,

alcohol, prevalent disease,

education, activity

1.08 (1.01–1.16)a High-fat dairy: whole milk,

cheese and ice cream

Shaper et al.

[37]

UK RHS cohort

7,735 subjects

(9.5 years)

608 IHD events Age, social class, smoking,

cholesterol, blood pressure

and diabetes

0.88 (0.55–1.40) Milk drunk and taken on

cereals vs ‘none’

Mann et al. [46]

Oxford

Vegetarian

cohort

10,802 subjects

(13.3 years)

63 IHD deaths Age, sex, smoking, social

class

1.50 (0.81–2.78) More than 1/2 pint milk per

day vs less than 1/2 pint

Bostick et al.

[51]

Iowa women

cohort

34,486 women

(8 years)

387 IHD deaths Age, energy, BMI, waist–hip

ratio, diabetes, smoking, vit.

E, saturated fat, oestrogen,

alcohol, education, activity

0.94 (0.66–1.35) Top and bottom quartile of

milk products

Hu et al. [9]

Health Prof.

cohort

80,082 women

(14 years)

939 total CHD Age, BMI, menopause, HRT,

smoking, alcohol, family

history, hypertension, aspirin,

exercise, vit. E

1.67 (1.14–1.90)a

0.78 (0.63–0.96)a

1.04 (0.96–1.12)a

0.93 (0.85–1.02)a

More than two glasses milk/

day vs less than one/week:

whole milk, skimmed milk,

one serving per day high-fat

dairy, one serving per day

low-fat dairy

Ness et al. [30]

Scottish Men

cohort

5,765 men

(25 years)

892 CHD

deaths

Age, social class, health

behaviour and health status

0.68 (0.40–1.13) More than one pint milk/day vs

less than one-third/day

Elwood et al.

[31]

Caerphilly

cohort

2,512 men

(20–24 years)

493 total IHD Age, smoking, social class,

IHD, BMI, energy, alcohol,

fasting cholesterol, HDL

cholesterol and triglycerides

0.71 (0.40–1.26) One or more pint/day vs little

or no milk/day

Al Delaimy

et al. [52]

Health Prof.

cohort

39,800 subjects

(12 years)

1,458 total IHD Age, BMI, time period,

smoking, alcohol, energy

and vit E intake, activity,

diabetes, hyperchol, family

history, aspirin

1.03 (0.86–1.26)

1.01 (0.83–1.23)

Top and bottom quintile of

dairy calcium intake

Total dairy product intake

Larmarche [53]

Quebec

Cardiovasc.

Cohort

2,000 men

(13 years)

217 total CHD Age, smoking, BMI, diabetes 0.73 (0.56–0.93) Above and below average

intake of dairy products
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the meta-analysis gives an overall estimate for milk and

heart disease of 0.91 (0.77–1.07). A similar problem arose

with estimates derived from the same cohort of the US

Nurses Health Study by Sun et al. [10]. They used plasma

pentadecanoic acid as a surrogate for dairy fat consump-

tion, though it can also be obtained from beef, lamb and

venison. The estimate of risk for heart disease that they

obtained is statistically inconsistent with estimates derived

from other populations in which the same surrogate

approach had been used [11]. It could possibly be that the

women within the Nurses’ Cohort who drank whole milk

had become so highly selected with reference to a range of

health-related behaviours that they may have become

unrepresentative of any meaningful population group.

In a report based on 27,529 Adventists, Snowdon [12]

states that milk was not related to all-cause mortality, but

he gives no data. Likewise, Jacobsen and Stensvold [13]

refer to ‘‘a large prospective study with more than 17,000

men and women followed for 11.5 years (which) showed

an inverse relationship between milk drinking (predomi-

nantly full-fat milk) and the risk of cardiovascular death.’’

One of the authors (BKJ) was contacted and details

requested, but these are not now available.

A number of cross-sectional studies have been reported

in which the past milk consumption of patients admitted to

hospital with a myocardial infarct was compared with the

past consumption by control subjects without evidence of

vascular disease. This research strategy has uncertainties

because only a proportion of patients survive an infarct and

are questioned, and because the estimation of milk intake

prior to the infarct is dependent upon memory. Four

such studies have been reviewed elsewhere [14] and a

meta-analysis yielded an overall relative risk of milk

consumption and incident heart disease of 0.83 (0.66,

0.99). A further, unusual case–control study of 144 diabetic

patients with peripheral vascular disease matched with 288

control diabetic patients reported an odds ratio of 0.71

(0.42, 1.19) for peripheral vascular disease in those who

consumed milk more than seven times a week relative to

those who took milk twice or less per week [15].

The estimates of risk for milk consumption and stroke

incidence in the 11 cohorts summarised in Table 3 show

Table 2 continued

Study Number of subjects

(length of

follow-up)

Number of

heart disease

events

Factors adjusted for Adjusted estimate

of risk (95% CI)

Predictive factor

Trichopoulou

et al. [47]

A Greek cohort

1,013 subjects

(4.5 years)

46 CVD deaths Age, gender, smoking,

education, weight and height,

hip circum., insulin,

hypertension, hyperchol.,

food groups

0.95 (0.68–1.31) 150 g (one SD) increase in

dairy products

Umesawa et al.

[54]

JACC cohort

21,068 men

32,319 women

(10 years)

135

99

Total CHD

Age, sex, BMI, smoking,

alcohol, sodium, potassium,

fatty acids, area, menopause,

hyperchol., diabetes

0.80 (0.45–1.44)

1.06 (0.50–2.25)

Top and bottom quintile

of dairy calcium intake

Umesawa et al.

[32]

JPHC cohort

41,526

(13 years)

322 total CHD Age, sex, BMI, smoking,

alcohol, sodium, potassium,

fatty acids, area, menopause,

hyperchol., diabetes

1.09 (0.74–1.61) Top and bottom quintile

of dairy calcium intake

van der Pols

et al. [48]

Carnegie

cohortc

4,374 subjects

(66–68 years)

378 CHD

deaths

Age, sex, area, energy, fruit,

vegetables, eggs, protein, fat,

energy

0.74 (0.45–.22)a, b

1.06

(0.49 1.31)a, b

Top and bottom quintile

of dairy products

Top and bottom quintile

of milk

Data from Snowdon et al. [33] and Fraser [49] omitted because of the absence of detailed data; van der Vijver et al. [8] omitted because it was

based on the total dietary calcium; Kelemen et al. [45] omitted because it is a test of dietary substitution; Nettleton et al. [50] omitted because the

outcome is heart failure

4.3M person years; 16,212 IHD events: heterogeneity between studies P = 0.570

Meta-analysis: risk of a heart disease event in the subjects with the highest milk/dairy intake, relative to that in the subjects with the lowest

intake: 0.92 (0.80–0.99)
a If Nettleton et al. [50] is included, the heterogeneity between studies P = 0.033; RR = 0.92 (0.82–1.03)
b An estimate for Hu et al. [9] based on the data for milk, assuming 20% of women had been on whole milk, 80% on skimmed, the heterogeneity

is P = 0.454; overall RR = 0.88 (0.80, 0.97) and when van der Pols et al. is omitted (because an HR is stated), the heterogeneity is P = 0.408;

RR = 0.88 (0.80–0.98). When the estimates of Hu et al. [9] for dairy is used, P = 0.570; RR = 0.92 (0.86–0.99)
c In van der Pols et al. [48], risk estimates which had been adjusted for calcium are not used because the inclusion of calcium may have led to

over-adjustment
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Table 3 Milk and dairy consumption and incident stroke. Details of cohort studies in which the consumption of milk and dairy foods was related

to incident stroke events, with the results of a meta-analysis

Study Number of subjects

(length of follow-up)

Number and

type of stroke

Factors adjusted for Predictive factor Adjusted

estimate

of risk (95% CI)

Iso et al. [19]

Nurses Health

cohort

85,764 women

(14 years)

347 ischaemic Age, smoking, time interval,

BMI, alcohol, menopause,

hormone use, exercise,

multivitamins, fatty acid

intake, history of hypertension,

diabetes and cholesterol

Top and bottom quintile

of dairy calcium

0.70 (0.51–0.97)

Kinjo et al. [55]

A Japanese

cohort

223,170 subjects

(16 years)

3,084

thromboembolic

Age, sex, area, smoking, alcohol,

occupation

Milk four or more times/

week vs less than once/

week

0.85 (0.77–0.92)

Ness et al. [30]

Scottish Men

cohort

5,765 men

(25 years)

196 stroke deaths Age, social class, health

behaviour and health status

More than one pint/day vs

less than one-third/day

0.84 (0.31–2.30)

Sauvaget et al.

[56]

Life span cohort

40,349 subjects

(16 years)

1,462 stroke

deaths

Sex, age, area, BMI, smoking,

alcohol, education, diabetes,

hypertension, radiation history

Milk almost daily vs none

dairy products almost

daily vs none

0.94 (0.79–1.12)a

0.73 (0.57–0.94)

He et al. [57]

Health Prof.

cohort

43,732 men

(14 years)

451 ischaemic Smoking, alcohol, BMI, activity,

hyperchol., hypertension,

aspirin, potassium,

multivitamins, vit E, fruit and

veg, energy

High-fat dairy once a

day? vs less than once a

week

1.23 (0.74–2.03)

Elwood et al. [31]

Caerphilly cohort

2,512 men

(22–25 years)

185 ischaemic Age, smoking, social class, IHD,

BMI, energy, alcohol, fasting

cholesterol, HDL cholesterol

and triglycerides

One or more pint/day vs

little or no milk

0.66 (0.24–1.81)

Abbott et al. [58]

Honolulu heart

cohort

3,150 men

(22 years)

229

thromboembolic

Age, dietary K and Na, alcohol,

smoking, activity, BP, glucose,

cholesterol, glucose, uric acid,

Hct

16 oz/day milk drunk vs

non-drinkers

0.67 (0.45–1.00)

Larsson et al. [23]

ATBC cohort

26,556 men

(13.6.years)

2,702 cerebral

infarcts

Age, smoking, alcohol, BMI,

education, total cholesterol,

diabetes, IHD, energy intake

and activity, intake of various

foods and original

randomisation

Top quintile of a

composite of low-fat,

whole and sour milk vs

lowest quintile

1.03 (0.96–1.10)

Umesawa et al.

[54]

JACC cohort

110,792 subjects

(12.9 years)

284 stroke deaths Age, sex, BMI, smoking,

alcohol, sodium, potassium,

fatty acids, area, menopause,

hyperchol., diabetes

Top and bottom quintile

of dairy calcium intake

0.53 (0.34–0.81)

Umesawa et al.

[32]

JPHC cohort

41,526 subjects

(12.9 years)

664 ischaemic Age, sex, BMI, smoking,

alcohol, sodium, potassium,

fatty acids, area, menopause,

hyperchol., diabetes

Top and bottom quintile

of dairy calcium intake

0.70 (0.52–0.94)

van der Pols et al.

[48]

Carnegie cohort

4,374 subjects

(66–68 years)

121 stroke deaths Age, sex, area, energy, fruit,

vegetables, eggs, protein, fat,

energy

Top and lowest quartiles

of dairy

Top and bottom quartile

of milk

0.61 (0.27–1.38)a

0.60 (0.28, 1.33)

8.4M person years; 9,725 strokes: heterogeneity between studies P \ 0.000

Meta-analysis: risk of a stroke in the subjects with the highest milk/dairy intake, relative to that in the subjects with the lowest intake: 0.79

(0.68–0.91)
a For both Sauvaget et al. [56] and van der Pols et al. [48], the results for ‘dairy’ are used in the meta-analysis
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significant heterogeneity, and although the overall estimate

of risk is significant (0.78; 0.68, 0.91), this cannot be

interpreted with confidence. However, the data on stroke in

Table 3 relate, as far as is possible, to ischaemic stroke and

in Table 4, reports on haemorrhagic strokes and sub-

arachnoid bleeds are summarised. Five studies give

evidence on haemorrhagic stroke, and, again, there is sig-

nificant heterogeneity, but the overall risk in relation to

dairy intake is 0.75; (0.60, 0.94). Only three studies give

evidence on sub-arachnoid bleeds and, ignoring significant

heterogeneity, the overall risk in those with the highest

dairy intake is 0.65 (0.32, 1.31).

Table 4 Dairy foods, haemorrhagic stroke and sub-arachnoid bleeds.

Details of cohort studies in which the consumption of dairy food was

related to the risk of haemorrhagic stroke, or a sub-arachnoid bleed,

with estimates of homogeneity between the studies and the results of

meta-analyses

Study Number of subjects

(length of follow-

up)

Number and type

of disease event

Factors adjusted for Adjusted RR

(95% CI)

Predictive

factor and subgroups

compared

Kinjo et al.

[55]

A Japanese

cohort

223,170 subjects

(16 years)

4,773 haemorrhagic

stroke deaths

Sex, age, area, smoking,

alcohol, occupation

0.74 (0.68–0.80) Milk four or more times/

week vs once/week

He et al. [57]

Health Prof.

cohort

43,732 men

(14 years)

124 haemorrhagic

strokes

Smoking, alcohol, BMI,

activity, hyperchol.,

hypertension, aspirin,

potassium, multivitamins, vit

E, fruit and veg., energy

1.22 (0.47–3.16) High-fat dairy once a day or

more vs less than once a

week

Umesawa

et al. [54]

JACC cohort

21,068 men

32,319 women

(10 years)

113 haemorrhagic

strokes

128 haemorrhagic

strokes

Age, sex, BMI, smoking,

alcohol, sodium, potassium,

fatty acids, area, menopause,

hyperchol., diabetes

0.46 (0.23–0.91)

0.51 (0.28–0.94)

Top and bottom quintile of

dairy calcium intake

Umesawa

et al. [32]

JPHC cohort

41,526 subjects

(12.9 years)

425 haemorrhagic

strokes

Age, sex, BMI, smoking,

alcohol, sodium, potassium,

fatty acids, area, menopause,

hyperchol., diabetes

0.65 (0.43–0.97) Top quintile of dairy calcium

vs lowest quintile

Larsson et al.

[23]

ATBC cohort

26,556 men

(13.6 years)

383 haemorrhagic

strokes

Age, smoking, alcohol, BMI,

education, total cholesterol,

diabetes, IHD, energy intake

and activity, intake of various

foods and original

randomisation

1.01 (0.82–1.20)a

1.32 (0.89–1.94)a

Top quintile of a composite

of low-fat, whole and sour

milk vs lowest quintile

Top and lowest quintile of

dairy products vs lowest

quintile

0.36M person years: 5,946 haemorrhagic strokes: heterogeneity between studies P = 0.014

Meta-analysis (random effects) RR (95% CI) for highest intake groups 0.75 (0.60–0.94)

Umesawa

et al. [54]

JACC cohort

21,068 men

32,319 women

(10 years)

37 sub-arachnoid

bleeds

34 sub-arachnoid

bleeds

Age, sex, BMI, smoking,

alcohol, sodium, potassium,

fatty acids, area, menopause,

hyperchol., diabetes

0.19 (0.04–0.87)

0.41 (0.17–0.97)

Top and bottom quintile of

dairy calcium intake

Umesawa

et al. [32]

JPHC cohort

41,526 subjects

12.9 years

217 sub-arachnoid

bleeds

Age, sex, BMI, smoking,

alcohol, sodium, potassium,

fatty acids, area, menopause,

hyperchol., diabetes

0.74 (0.46–1.61) Top quintile of dairy calcium

vs lowest quintile

Larsson et al.

[23]

ATBC cohort

26,556 men

13.6 years

196 sub-arachnoid

bleeds

Age, smoking, alcohol, BMI,

education, total cholesterol,

diabetes, IHD, energy intake

and activity, intake of various

foods and original

randomisation

1.26 (1.00–1.52) Top and bottom quintile:

dairy products, all milks

(whole ? low-fat ? sour)

0.96M person years: 484 sub-arachnoid bleeds: heterogeneity between studies P = 0.004

Meta-analysis (random effects) RR (95% CI) for highest intake groups 0.65 (0.32–1.31)

vs = compared with, or relative to
a The results for haemorrhagic stroke are based on Larsson et al. [23] for milk. Using Larsson et al. [23] for dairy gives P = 0.022, RR = 0.76

(0.58–1.00)
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Butter and Cheese

Table 5 summarises the data from studies in which butter

and cheese consumption were examined as possible pre-

dictors of vascular disease. For butter, the literature search

identified only five cohort studies with incident vascular

disease as the outcome. Only three of these give sufficient

data to enable inclusion in a meta-analysis. The results are

homogeneous, but the overall relationship between butter

consumption and vascular events (0.93; 0.84, 1.02) is not

statistically significant. In another early cohort study [16],

832 men were followed for 21 years. There were 267

incident CHD events and the authors commented: ‘butter

intake did not predict CHD incidence,’ but no original data

are given.

Several case–control studies of butter and vascular dis-

ease have been reported. In one, the previous diets of 106

patients with a myocardial infarct were compared with the

diets of 105 controls, and an adjusted odds ratio of an

infarct was reported as 2.80 (1.14, 6.85) for ‘butter and

margarine’ [17]. In another, the use of butter by 287

women with an acute myocardial infarct was compared

with that of 649 control women and an odds ratio in the

upper third, adjusted for age alone, of 2.3 was reported

[18]. In a study of diabetic patients, 144 with peripheral

arterial disease were compared with 288 matched control

patients and an odds ratio of 2.06 (1.15. 3.68) reported for

the consumption of butter [15].

Evidence on cheese and vascular disease is also limited.

Results have been reported from six cohort studies

(Table 5), but sufficient data for a meta-analysis are given

in only two. A difficulty arises here because, while random

effects meta-analysis seems to be appropriate throughout

the work in this paper, in the case of the two studies with

cheese, there is a massive difference in the numbers of

events and, hence, in the power of the two studies, with

conclusions in one being based on only 64 vascular events

and on 2,702 disease events in the other. It seems reason-

able, therefore, for this one dairy item, to use a fixed effects

model, thus, weighting the studies appropriately. This gives

an overall estimate of risk from cheese of 0.90 (0.79, 1.03).

Other studies on cheese include a follow-up of 27,529

seventh-day Adventists over 20 years, in which it is stated

that ‘‘…cheese… consumption (was) unrelated to stroke

mortality’’ but no data are given [12]. In a report based on

the 85,764 women in the US Nurses Health Study, the

authors comment that the inverse association observed for

stroke with dairy calcium was not restricted to milk, but

was also observed for hard cheese [19], but, again, no data

are given. Finally, in a wide-ranging review of studies of

cheese consumption, Tholstrup [20] found ‘‘no convincing

evidence of harm,’’ and wrote of the ‘neutral’ effect of

cheese on coronary heart disease.

A number of studies based on retrospective case–control

comparisons examined cheese consumption and vascular

disease. A comparison of the past diets of 106 patients with

myocardial infarction and 105 control subjects [17] gave an

adjusted odds ratio for cheese and yoghurt of 0.42

(0.18–1.03). In another case–control study of 111

myocardial infarction patients and 107 controls [21], an

estimated odds ratio in the highest quartile of cheese intake

of 0.34 (0.13, 0.91) was reported. In yet other case–control

studies, estimates of 0.77 (0.54–1.11) [22] and 1.0 (no CIs

stated) [18] were made for cheese consumption. Finally,

Ciccarone et al. [15] reported an odds ratio for cheese

consumption in 144 diabetic patients with peripheral vas-

cular disease compared with 288 matched control diabetic

patients of 0.61 (0.26–1.45).

Other Dairy Foods

Evidence on other individual dairy food items is very

sparse indeed. The large ATBS cohort of Finnish male

smokers originally enlisted for a randomised trial of anti-

oxidant prophylaxis [23] yielded adjusted odds ratios for

the quintile of subjects with the largest intake of cream

(0.81; 0.72–0.92 for cerebral infarction and 0.72; 0.52–1.00

for intra-cerebral haemorrhage), yoghurt (1.08; 0.95–1.24

and 1.08; 0.58–1.28) and ice cream (0.92; 0.81–1.03 and

1.21; 0.89–1.63), none of which are significant. In the

report on the US Nurses Health Study, Iso et al. [19]

commented that the inverse association observed for stroke

with dairy calcium was not restricted to milk, but was also

shown for yoghurt and for ice cream.

Evidence from cross-sectional retrospective studies of

these items comes from Tavani et al. [22], who reported

an odds ratio for yoghurt in a case–control study based on

507 patients with an acute myocardial infarction of 0.55

(0.32–0.95). Biong et al. [21] based a study on 111

myocardial infarction patients and 107 controls and esti-

mated an odds ratio in the highest quartile of ice cream of

0.99 (P = 0.21, no CIs stated). Finally, a case–control

study of cream consumption in 432 diabetic patients

yielded an odds ratio of 2.79 (0.93–8.35) for peripheral

vascular disease [15].

Dairy Foods and Diabetes

Elsewhere [24], we have reported a meta-analysis of cross-

sectional studies of milk and/or dairy consumption and the

metabolic syndrome (RR in the highest consumers of milk

and dairy: 0.74; 0.64–0.84). Five studies have now reported

on dairy consumption and incident Type 2 diabetes

(Table 6). The results of these studies (Table 6) are

homogeneous, and the estimated overall relative risk for

diabetes is 0.85 (0.75–0.96).
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Table 5 Butter, cheese, and vascular disease and death. Details of cohort studies in which the consumption of cheese and of butter was related to

a disease outcome or death, with estimates of homogeneity between the studies and the results of a meta-analyses

Study Number of subjects

(length of follow-up)

Number and type

of disease event

Factors adjusted for Adjusted estimate

of risk (95% CI)

Predictive factor and

subgroups compared

Kahn et al. [7]

An Adventists cohort

22,033 subjects

(21 years)

5,627 deaths Age, sex, smoking, history of

vascular disease,

hypertension, diabetes

1.03 NS (1) Butter daily cf less

than once/week

Gartside et al. [59]

NHANES I

5,811 (16 years) CHD events

Number not

stated

Age, sex, race, poverty, region,

BMI, smoking, education,

activity, cholesterol

Increase in CHD

events as butter

intake rose

P = 0.026

Use of butter

Shaper et al. [37]

UK RHS cohort

7,735 subjects

(9.5 years)

608 IHD events Age, social class, smoking,

cholesterol, blood pressure

and diabetes

0.87 (0.79–1.06) Use of butter cf

margarine

Elwood et al. reported in

Shaper et al.

Caerphilly cohort

2,187 men

(20–24 years)

605 vascular

events

Age, smoking, social class,

IHD, BMI, alcohol, total fat

intake, systolic BP, diabetes

0.87 (0.69–1.11) Use of butter cf

margarine use

Larsson et al. [23]

ATBC cohort

26,556 men

(13.6 years)

2,702 cerebral

infarcts

383

haemorrhagic

196 sub-

arachnoid

Age, smoking, alcohol, BMI,

education, total cholesterol,

diabetes, IHD, energy intake

and activity, intake of

various foods and original

randomisation

1.00 (0.87–1.14)a

1.44 (1.01–2.07)

0.98 (0.59–1.64)

Top quintile of butter

cf lowest quintile

Data from Kahn et al. [7] and Gartside et al. [59] omitted because of absence of detailed data

0.36M person years: 3,310 vascular disease events: heterogeneity between studies P = 0.333

Meta-analysis (random effects) RR (95% CI) for highest intake groups 0.93 (0.84–1.02)

Kahn et al. [7]

An Adventists cohort

22,033 subjects (21

years)

6,075 deaths Age, sex, smoking, history of

vascular disease,

hypertension, diabetes

0.96 NSb Cheese on 5–7 days/

week cf less than

one

Snowdon et al. [33]

An Adventists cohort

25,153 subjects

(20 years)

758 male IHD

deaths

841 female IHD

deaths

Age, smoking and other food

items, weight, marital status

0.95 (P [ 0.05)b

0.91 (P [ 0.05)b

Cheese daily cf none

Fraser [49]

An Adventists cohort

26,473

(duration not

stated)

Coronary events

Number not

stated

Not stated 0.97 NS Three or more times/

week cf less than

once

Gartside et al. [59]

NHANES I

5,811

(16 years)

CHD events Age, sex, race, poverty, region,

BMI, smoking, education,

activity, cholesterol

0.88 (P \ 0.002) Once or more/day cf

none

Mann et al. [46]

A vegetarian cohort

10,802 subjects

(13.3 years)

64 IHD deaths Age, sex, smoking, social class 2.47 (0.97–6.26) Cheese 5 or more

times/week cf less

than once

Larsson et al. [23]

ATBC cohort

26,556 men

(13.6 years)

2,702 cerebr.

infarcts

383

haemorrhagic

196 sub-

arachnoid

Age, smoking, alcohol, BMI,

education, total cholesterol,

diabetes, IHD, energy intake

and activity, intake of

various foods and original

randomisation

0.88 (0.77–1.01)a

1.01 (0.72–1.41)

1.07 (0.66–1.72)

Top quintile of cheese

cf lowest quintile

Data from Kahn et al. [7], Snowdon et al. [33], Fraser [49] and Gartside et al. [59] omitted because ofabsence of detailed data

0.4M person years: 2,766 vascular disease events: heterogeneity between studies P = 0.032

Meta-analysis (random effects) RR (95% CI) for highest intake groups 1.32 (0.49–3.56)

Meta-analysis (fixed effects) RR (95% CI) for highest intake groups 0.90 (0.79–1.03)

cf = compared, or, relative to
a Elwood et al. here represents data from the Caerphilly Cohort Study reported in Shaper et al. [15], re-analysed by us and updated
b The studies of cheese intake by Snowdon et al. [58], by Kahn et al. [7] and by Fraser [23] may be on the same cohort. None of these, nor Gartside et al.

[20], could be included in the meta-analysis, as no estimates of error are given
c For Larsson et al. [10], only the results for cerebral infarction were included in the meta-analysis
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Discussion

Much has been written on the associations between the

consumption of milk and dairy products and individual

vascular risk factors, and, in particular, effects on plasma

cholesterol level. An evaluation based upon a single risk

factor for a disease can, however, be misleading. At the

same time as affecting lipid markers of heart disease, the

consumption of milk and dairy produce is associated with

an increase in the level of high-density lipoprotein cho-

lesterol [25, 26] and with a reduction in blood pressure [27,

28], and, furthermore, milk and dairy food items are likely

to have effects upon many other biological mechanisms

and disease processes. Even studies which have examined

relationships with a cluster of risk factors for disease, such

as the metabolic syndrome [24], cannot possibly give a

valid estimate of the overall effect of a complex food such

as milk on disease incidence.

Most concern appears to focus on milk consumption

and heart disease, and the evidence we present on this is

substantial. The studies are homogeneous and the meta-

analysis of all of the available evidence suggests that there

is a small but worthwhile reduction in risk of coronary

heart disease (0.92; 0.80, 0.99) in the subjects who drink

the most milk. The evidence which we present on milk and

the risk of stroke is also substantial and suggests a reduc-

tion in both all stroke (0.79; 0.68–0.91) and in haemor-

rhagic lesions in those with the highest consumption

of milk. A reduction in sub-arachnoid haemorrhage was

unexpected, as the aetiology of this condition is totally

different to that of thrombo-embolic or haemorrhagic

stroke, but benefit from a reduction in blood pressure

would be common to all of these events.

All-cause mortality also shows a reduction associated

with dairy food consumption (0.87; 0.77–0.98). The evi-

dence of a reduction in diabetes is also substantial, the

results of the separate studies are homogeneous

(P = 0.122) and the risk reduction in the highest

consumers of dairy foods is statistically significant (0.85;

0.75–0.96).

The literature on milk and dairy consumption and cancer

is extensive. A detailed examination of the evidence is

beyond the scope of this review, but it has been reviewed

by the World Cancer Research Fund and the American

Table 6 Milk and dairy consumption and diabetes. Details of cohort studies in which the consumption of milk and dairy foods was related to

new cases of diabetes, with the results of a meta-analysis

Study Number of subjects

(length of follow-up)

Number

of new diabetes

Factors adjusted for Adjusted estimate

of risk (95% CI)

Predictive factor

Choi et al. [60]

Health Prof. Cohort

41,254 males

(12 years)

1,243 Age, smoking, alcohol, energy,

family history, hyperchol.,

hypertension, energy intake

and activity

0.91 (0.85–0.97) Increase of one serving

of dairy foods/day

Liu et al. [61]

Women’s Health cohort

37,183 females

(10 years)

1,603 Age, smoking, alcohol, BMI,

hypertension, hyperchol,

HRT, family history, energy

and activity, dietary intakes

randomisation

0.79 (0.67–0.94)a

1.04 (0.84–1.30)

0.92 (0.78–1.09)

Top and bottom quintile

of all dairy foods

Whole milk twice?/

week vs \1/month

Skim milk twice?/week

vs \1/month

van Dam et al. [62]

Caerphilly cohort

41,186 females

(8 years)

1,964 Age, BMI, smoking, alcohol,

education, family history,

activity, energy, coffee,

sugar, meat, whole grain

consumption

0.93 (0.75–1.15) Highest vs lowest

quintile of total dairy

intake

Elwood et al. [24]

Caerphilly cohort

640 males

(22–25 years)

41 Age, smoking, social class,

IHD, BMI, alcohol, total fat

intake, systolic BP

0.57 (0.20–1.63) Highest and lowest

quartile of milk intake

Villegas et al. [63]

Shanghai women cohort

64,191 women

(6.9 years)

2,270 Age, BMI, smoking, alcohol,

waist–hip ratio, activity,

income, education,

occupation, hypertension,

energy

0.60 (0.41–0.88) [200 g milk/day vs

none

1.7M person years: 7,121 new diabetic patients: heterogeneity between studies P = 0.122

Meta-analysis (fixed effects) RR (95% CI) for highest intake groups: 0.85 (0.75–0.96)
a The result from Liu et al. [61] for dairy is used in the meta-analysis

934 Lipids (2010) 45:925–939

123



Institute for Cancer Research [29]. The consumption of

milk or dairy foods is associated with a significant reduc-

tion in colon cancer (the pooled RR from ten cohort studies

is 0.78; 0.69–0.88 and for bladder cancer in four cohorts,

the RR is 0.82; 0.67–0.99). There may, however, be an

increased risk of prostate cancer, the relative risk estimated

from eight cohorts being 1.05; 0.98–1.14. No relationship

of importance with milk or dairy consumption was reported

for any other cancer.

Apart, perhaps, from milk, no firm conclusions can,

however, be drawn on the individual dairy food items. In

fact, there is an extreme paucity of studies relating to

individual dairy food items. We find this quite remarkable,

given the strength of the beliefs about the undesirable

effects of butter in particular. The disparity between the

results on butter from cohort and from retrospective case–

control studies is of concern. Thus, the overview of three

cohort studies suggests a possible reduction in vascular

disease risk (0.93; 0.84–1.02), while two cross-sectional

studies suggested an increase and one an increase in

peripheral arterial disease from the consumption of butter.

This kind of inconsistency between evidence collected

prospectively and evidence dependent upon the memory of

patients is, however, not unknown in epidemiological

research, and, perhaps, the main message of these data

relates to the inadequacy of the evidence on butter and the

other dairy items, rather than whether or not there is evi-

dence of harm.

Unfortunately, it is not possible to estimate quantitative

relationships with disease incidence for the consumption of

a dairy item with any confidence. For example, within the

studies reporting milk consumption, the quantity defined as

‘high’ varied in the different studies. Most studies used

quartiles or quintiles of the distribution of intakes, while

others defined milk intake in terms of the number of

occasions on which milk or dairy foods were consumed.

Nevertheless, several studies defined a ‘high’ intake as the

consumption of one pint (568 ml) or more per day [30–32],

in others two or more ‘glasses’ per day [19, 33], while in a

study based on weighed dietary intakes [34], the mean

daily consumption of milk in the subjects who showed a

reduction in vascular disease and diabetes was a pint

(568 ml) or more.

A number of systematic reviews of dairy foods have

already been published and are consistent with what we

present. Gibson et al. [35] identified 12 cohort studies and,

from them, drew the conclusion that their review showed

‘‘no consistent findings to support the concept that dairy

food consumption is associated with a higher risk of cor-

onary heart disease.’’ Mente et al. [36] looked at a number

of foods, including milk. Their conclusion, based on five

cohort studies, was that milk has ‘‘no significant associa-

tion with coronary heart disease’’ (0.91; 0.73–1.00). Two

earlier overview studies by us [14, 31] examined associa-

tions with milk, and, although based on smaller numbers of

cohorts, the results of both are in close agreement with

those which we now report.

There are, of course, serious limitations in the evidence

we present. The cohort strategy is powerful, but it still has

uncertainties and possible biases. In particular, estimates of

risk for one item can be confounded by the effects of

dietary and other factors apart from milk and dairy con-

sumption. Then, there are differences in social class,

smoking and other factors between subjects who drink milk

and those who drink little or none, and some of the studies

comment upon these [31, 37]. While all of the estimates

upon which we have based our overall meta-analyses have

each been adjusted for a number of confounding factors, as

listed in the tables (age, social class, smoking, alcohol,

activity etc.), residual confounding by unknown factors is

still possible. While it is possible that this could possibly

explain the observed reductions in vascular disease, dia-

betes and all-cause mortality, it seems highly unlikely that

a true harmful effect of milk/dairy consumption on the

diseases considered could have been missed simply

because of some important, but as yet unknown, con-

founding factor(s). It is also possible, but again extremely

unlikely, that publication bias has led to studies which

showed harm from dairy consumption have been prefer-

entially withheld from publication.

The issue of fat-reduced, skimmed milk and other

fat-reduced dairy products remains. Despite the wide-

spread beliefs that whole milk increases the risk of vas-

cular disease, and is ‘fattening’, the appropriate question to

ask is: do fat-reduced milks provide any advantage further

to the benefits conferred by the consumption of whole

dairy foods or milk, or does the removal of fat reduce the

benefit of the whole items? Low-fat milks were not widely

used in the US until about 1989 and about 2000 in the UK,

and a large part of the follow-up periods of most of the

cohort studies which we have included in the meta-anal-

yses relate, therefore, to times when the milk and dairy

items consumed were the full-fat items. Epidemiological

studies are of necessity long term and, therefore, the data

which we have summarised and the conclusion we have

drawn relate overwhelmingly to whole milk and full-fat

dairy items.

Given the promotion of fat-reduced milks by many

authorities and the large increase in the consumption of

fat-reduced milks and dairy items throughout the Western

world, this is an area requiring critical study. A number of

reports do give evidence on the incidence of disease

events in subjects within the same cohort who drank

whole milk and others who drank fat-reduced milk, and

we have summarised some of these data elsewhere [14].

However, it is most important to accept that persons who
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choose to drink fat-reduced milks will almost certainly

have adopted other ‘healthy’ behaviours, and these will

confound any differences in disease outcome within

groups of persons defined by the type of milk consumed.

It has to be accepted that these other confounding factors

cannot all be known, but they will be responsible for

biases which cannot possibly be estimated or allowed for.

In the absence of evidence from large long-term ran-

domised trials, the statement of German and Dillard [38]

is, therefore, most apposite: ‘‘Such hypotheses (about fat-

reduced milks) are the basis of sound scientific debate;

however they are not the basis of sound public health

policy.’’

On a priori grounds, milk would be expected to be

beneficial to health. Calcium has many biological actions,

including a reduction in fat absorption through the forming

of soaps in the intestine and the binding of cholesterol and

bile acids in the gut [39]. Of greater importance is a

reduction of blood pressure by dietary calcium, and in a

6-year study of 2,245 older subjects in the Rotterdam

Cohort Study, a 20% reduction in incident hypertension

was attributed to dairy food consumption [40]. While

calcium, magnesium and potassium are all required to

prevent hypertension, dairy products are unique in pro-

viding a balanced supply of these elements [3, 41]. This

may be why milk appears to have a greater effect on blood

pressure than dietary calcium supplements [27]. Further-

more, in addition to the minerals provided by milk, certain

peptides released on the digestion of milk proteins

may have a beneficial effect on blood pressure by inhibiting

the angiotension-1-converting enzyme, thus, modulating

endothelial function [42].

Renaud et al. [43] described further effects of dietary

calcium on thrombo-embolic mechanisms. They fed butter

to rabbits and to half, they also gave high levels of calcium.

The calcium led to a reduction in platelet aggregation, and

a reduction in the severity of atherosclerosis. However, an

examination of extensive platelet-related tests in 1,433

older men in the Caerphilly Cohort Study [44] gave no

confirmatory evidence in terms of an association between

milk consumption and platelet aggregation to adenosine

phosphate (P = 0.41), or stressed template bleeding times

(P = 0.91) (unpublished data).

The results of the literature search and meta-analyses

presented here are summarised in Table 7 and in Fig. 1.

The similarity of the estimates of risk is remarkable and,

although conclusions have to be tentative, it seems not

unreasonable to conclude that there is no evidence that

dairy foods as a total group are associated with harm to

health either in terms of death, heart disease, stroke or

diabetes, but are probably beneficial in relation to these

disease outcomes.

Apart from their effects on plasma lipids and on blood

pressure, very little is known about the biological mecha-

nisms likely to be involved in the relationships of milk and

dairy foods with human diseases or, indeed, whether milk

can be modified to provide increased health advantages.

Clearly, more work should be done.

Due to a focus on the small rise in blood cholesterol

with milk drinking, the debate on milk has never achieved

a reasonable balance in the evaluation of risks and benefits.

We believe that the debate about the health risks and

benefits of milk and dairy consumption in Western com-

munities should focus on evidence of direct relevance to

Table 7 Summary of the relative risk for milk and/or dairy food consumption and various diseases, together with the total numbers of deaths in

England and Wales in 2008 from those causes

Cause of deatha Number of cohort

studies (no. in

analyses)

Estimate of the risk ratio

for milk or dairy food

consumptionb (significance

of heterogeneity between studies)

Number of deaths

in England and

Wales in 2008

All-cause deaths 8 (5) 0.87; 0.77–0.98 (P = 0.427) 509,090

Ischaemic heart disease (I20–I25)a 17 (13) 0.92; 0.80–0.99 (P = 0.570) 76,985

Stroke (I60–I69)a

Thrombo-embolic 11 (11) 0.79; 0.68–0.91 (P \ 0.000) 46,446

Haemorrhagic 5 (3) 0.75; 0.60–0.94 (P = 0.014) 7,497

Sub-arachnoid 3 (3) 0.65; 0.32–1.31 (P = 0.004) 8,000c

Type 2 diabetes (E10-15)a 5 (5) 0.85; 0.75–0.96 (P = 0.122) 5,541

a Causes of death as defined in the short list used in the classification of causes of death by the Office of National Statistics UK (Office for

National Statistics: mortality statistics: cause (series DH2 No.32). London: The Stationery Office, 2008)
b Estimate of the risk of each disease in subjects with the highest consumption of milk/dairy, relative to the risk in the subjects with the lowest

risk (usually the top and the bottom fifths in subjects ranked by consumption)
c This is an estimate of the total incidence and not the number of deaths
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health and survival, such as we have presented in this

review, and this would benefit greatly if it were supported

by a concerted and targeted research effort to understand

the underlying mechanisms.

Acknowledgements Janie Hughes, research assistant, gave con-

siderable help in the literature searches.

Funding The authors have no vested interest and no special funding

was received for the work described. The author has the right to grant,

and does grant, an exclusive licence on a worldwide basis, to permit

this article to be published and to exploit all subsidiary rights as set

out in the appropriate license.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.

References

1. Elwood PC (2001) Milk, coronary disease and mortality. J Epi-

demiol Community Health 55:375

2. Cochrane AL (1972) Effectiveness and efficiency. Random

reflections on health services. Nuffield Provincial Hospitals Trust,

London

3. Alvarez-León E-E, Román-Viñas B, Serra-Majem LS (2006)
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Abstract This review summarizes recent findings on the

metabolism and biological functions of saturated fatty

acids (SFA). Some of these findings show that SFA may

have important and specific roles in the cells. Elucidated

biochemical mechanisms like protein acylation (N-myris-

toylation, S-palmitoylation) and regulation of gene tran-

scription are presented. In terms of physiology, SFA are

involved for instance in lipogenesis, fat deposition, poly-

unsaturated fatty acids bioavailability and apoptosis. The

variety of their functions demonstrates that SFA should no

longer be considered as a single group.

Keywords Dietary saturated fatty acids � Myristic acid �
Metabolism � N-myristoylation

Abbreviations

FA Fatty acids

NMT Myristoyl–CoA: protein N-myristoyltransferase

PL Phospholipids

PUFA Polyunsaturated fatty acids

SCD Stearoyl–CoA desaturase

SFA Saturated fatty acids

TAG Triglycerides

Introduction

Observational studies have shown that high intake of sat-

urated fatty acids (SFA) is positively associated with

increased levels of blood cholesterol and high coronary

heart disease mortality rates [1, 2]. However, more recent

studies have shown inverse association [3, 4], and the

meta-analysis by Siri-Tarino et al. [5] reopened the debate

when writing that ‘‘there is no significant evidence for

concluding that dietary saturated fat is associated with an

increased risk of CHD or CVD’’. Without entering this

interesting epidemiological debate on the deleterious

effects of some of saturated fatty acids, it seems that they

can be no longer considered as a single group in terms of

structure, metabolism [6, 7] and cellular function. In this

context, this review will focus only on recent findings

suggesting that individual SFA possess specific properties

associated with important biological functions.

New Aspects on the Metabolism of Saturated Fatty

Acids

Cellular Origin of Saturated Fatty Acids

SFA usually account for 30–40% of total FA in animal

tissues, distributed in palmitic acid (15–25%), stearic acid

(10–20%), myristic acid (0.5–1%) and lauric acid (less than

0.5%). Palmitic and stearic acids are universally found in

natural fats. Lauric acid is specifically abundant in copra

(39–54%) and palmist oils (44–51%). Myristic acid and

short-chain fatty acids (including butyric acid) represent

each about 10% of FA in milk fat. Apart from the dietary

sources, it is well known that the body is capable of syn-

thesizing SFA. Because of their multiple potential origins,

it has been difficult to quantify the real importance of

dietary SFA when compared with endogenous SFA, espe-

cially for palmitic acid. Adipose tissue concentrations of

C15:0, C17:0 but also C14:0 have been used as quantitative
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markers of dairy consumption [8]. With regard to myristic

acid, the amount of its endogenous biosynthesis [9] is

indeed far smaller than the amounts consumed from dietary

sources (4 g/day in a Swedish population) [10].

Desaturation of Saturated Fatty Acids

Recent findings on SFA concern their respective capacities

to be desaturated. Every SFA from C12:0 to C18:0 is

converted to its respective monounsaturated product

through the action of D9-desaturase (Stearoyl–CoA desat-

urase, SCD) but with varying efficiency. In the rat [11], a

clear increase in hepatic D9-desaturase activity is related to

the carbon chain length, from C12:0 to C18:0. Evidence

was also recently presented that palmitic acid, already

known as a substrate of D9-desaturase, can also be desat-

urated by the mammalian D6-desaturase (Fatty acid

desaturase 2: FADS2) [12]. Palmitic acid D6-desaturation

produces sapienic acid (C16:1n-10) in the preputial gland

of SCD1-/- mice [13] and in human sebaceous glands in

which the expression of SCD is low [14]. The importance

of this human physiological specificity remains to be

determined.

Specific Biochemical Functions of Individual SFA

Regulation of Protein Activation by N-terminal

Myristoylation

Myristic and palmitic acids are directly involved in the two

classes of protein fatty acid acylation, N-terminal myris-

toylation and side-chain palmitoylation [15]. Protein

N-myristoylation (Fig. 1) refers to the highly specific

covalent attachment of myristic acid, by an amide linkage,

to the NH2-terminal glycine residue of increasing number

of eukaryotic and viral proteins [16]. Myristoyl–CoA:

protein N-myristoyltransferase (NMT, EC 2.3.1.97), the

enzyme catalyzing this stable acylation, has been identified

in many organisms. Genetic advances have revealed that

mammals possess two distinct NMT genes, named type 1

and 2 [17–19]. The contribution of each gene transcript to

NMT expression and activity in vivo, and the specific role

of each NMT isoform in cellular replication, proliferation,

and other cellular processes, is still under investigation

[20–22]. They both seem to have a similar high substrate

selectivity for myristic acid [17, 19]. The myristoyl moiety

has been shown to mediate protein subcellular localization,

protein–protein interaction or protein–membrane interac-

tions (Fig. 1) required for the biological activities of the

myristoylated proteins [16]. In the myristoylation pathway,

myristic acid therefore exhibits a specific and important

role for protein activation.

The proteins that are substrates of NMT include key

components in intracellular signaling pathways, onco-

genes, structural viral proteins, and common constitutive

eukaryotic proteins. Computational prediction recently

suggested that about 0.5% of all proteins in the human

genome could be myristoylated [23]. New protein sub-

strates identified recently in mammals are the tumor

suppressor Fus1 [24], TRIF [25], the sphingolipid D4-

desaturases type 1 and 2 [26], and truncated protein forms

that become substrates after post-translational cleavage by

caspases that reveals an internal myristoylation motif:

BID [27], actin [28], gelsolin [29], and p21-activated

protein kinase 2 [30].

Myristoyl-CoA: protein N-myristoyltransferases (NMT) 
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Fig. 1 N-terminal

myristoylation of proteins

with myristic acid by
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and biological consequences for

the myristoylated proteins
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Can Myristic Acid be the Rate-Limiting Molecule

in the Myristoylation Pathway?

Since endogenous biosynthesis of C14:0 [9] is very low as

compared with dietary sources [10], one can ask if the

amount of free myristic acid could be insufficient to pro-

vide myristoyl–CoA: protein N-NMT with enough co-

substrate. In yeast, studies analyzing the activity of NMT

have suggested that the enzyme was able to use both

exogenous and endogenous myristic acid as the substrate

[31–33]. During the process of the maturation of one pro-

tein, the pool of endogenous free myristoyl–CoA would

probably be sufficient [34]. However, when considering the

pool of myristoylable proteins or the specific process for

the maturation of viral proteins like Gag or Nef during the

course of a viral, retroviral or lentiviral infection, the

amount of myristoyl–CoA co-substrate needed is consid-

erable [35]. The requirement for myristic acid suggests that

in certain cases, it could be the rate-limiting molecule in

this mechanism or that competition could occur. In addi-

tion, the mechanism by which myristic acid initially

esterified in the TAG or PL is used for myristoylation is

unknown, too. The available evidence indicates that the

intracellular concentration of free myristic acid in endo-

thelial cells is crucial for the activation of thrombospondin-

1 and could be modulated by its uptake from the medium

through CD36 [36].

Regulation of Protein–Membrane Interactions

by Palmitoylation

Protein palmitoylation refers to the post-translational for-

mation of a thioester linkage between the side-chain of

cysteine and palmitic acid, mainly [37], or other saturated

fatty acids, like myristic and lauric acids [38]. A long time

ago, the ester linkage between saturated fatty acids and

serine or threonine residues was also reported [39], but

since then, this type of linkage has not been described

again.

Palmitoylation is involved in regulatory mechanisms

because the association of the protein with the palmitoyl

moiety is reversible and facilitates protein–membrane

interactions and subcellular trafficking of proteins.

Several signal transductions depend therefore on pal-

mitic acid, including proteins that have been shown to

undergo successive myristoylation and palmitoylation,

like the a subunit of many heterotrimeric G proteins

[40]. Mammalian protein palmitoyltransferases (also

named Protein S-AcylTransferases PAT) are still under

investigation [37]. The recent biochemical evidence of

the PAT activity of a family of proteins that share a

DHHC motif in yeast [41–43] has opened a new field of

investigation.

Regulation of Gene Transcription by Saturated Fatty

Acids

While dietary PUFA are known to regulate gene expression

through their influence on transcription factors (PPAR,

SREBP), the effect of SFA on gene transcription has been

less explored. Lin et al. [44] have shown that SFA (C10:0–

C18:0) strongly elevate the PGC-1b mRNA level, that

co-activates the action of SREBP family of transcription

factors, and consequently increase the transcription of

lipogenic target genes (FAS, SCD-1). Co-activation of the

nuclear receptor LXR/RXR also promotes VLDL secre-

tion. SFA (but also monounsaturated FA) are known to

bind hepatocyte nuclear factor 4 (HNF4). In liver cells,

palmitate and oleate both enhanced the transcription of

glucose-6-phosphatase gene. Palmitate also induced the

recruitment of several transcription factors like NF-jB,

HNF4, CEBPa, and PPARa [45]. SFA, when linked to the

lipid A moiety of lipopolysaccharides, or free, also indi-

rectly induce NF-jB nuclear translocation, activation and

expression of COX-2, and other pro-inflammatory cytokines,

through the recently described toll-like receptor 4-derived

signaling pathways [46, 47]. Finally, because it is an inhibitor

of the histone deacetylase activity, butyric acid regulates the

expression of several genes, like IL5, by altering the histone

acetylating status of their promoter regions, with conse-

quences for the structure of chromatin [48, 49].

New Demonstrated or Putative Physiological Roles

of SFA

Stearic Acid is Neutral for Cholesterol but Could be

Pro-Lipogenic

As for the other long-chain saturated fatty acids, the health

impact of stearic acid has been studied, showing no deleteri-

ous effect on cardiovascular disease risk [50, 51]. The high

rate of C18:0 conversion to C18:1n-9 by D9-desaturation was

suggested to explain this neutral effect on cholesterol

metabolism, compared to the other SFA [52]. On the other

hand, the desaturation of dietary stearate to endogenous oleate

has been described as a stimulating factor for VLDL–TAG

secretion in hepatocytes [53], and an essential step mediating

the induction of lipogenesis [54] and the promotion of obesity

[55], showing the very important role of SCD. The evidence

concerning the putative effect of stearic acid on thrombotic

tendency appears inconsistent [56, 57].

Myristic Acid Could Regulate PUFA Bioavailability

It has recently been suggested that myristic acid may be an

activator of the conversion of a-linolenic acid to

Lipids (2010) 45:941–946 943
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docosahexaenoic acid (DHA). In cultured rat hepatocytes,

myristic acid had a specific and dose-dependent effect on

D6-desaturase activity [58]. In vivo, when myristic acid

was supplied for 2 months in the diet of rats (from 0.2 to

1.2% of dietary energy), with similar level of dietary

a-linolenic acid (1.6% of FA, 0.3% of energy), a dose–

response accumulation of eicosapentaenoic acid (EPA) was

shown in the liver and plasma [59].

In addition, in humans, compared with a diet containing

0.6% of myristic acid mainly in the sn-2 position in the

TAG, a diet containing 1.2% of myristic acid during a

5-week consumption period significantly enhanced EPA

and DHA levels in the plasma PL and DHA level in the

plasma cholesteryl esters [60]. When the intake of myristic

acid increased from 1.2 to 1.8% energy in the same pop-

ulation, EPA, DPA and DHA decreased significantly in

plasma PL and EPA also decreased in cholesteryl esters

[61]. This result suggest that, in humans, the effect of

myristic acid on circulating (n-3) PUFA follows a U-

shaped curve with a favorable turning point at around 1.2%

of total daily energy.

So far as potential mechanism(s) of action are con-

cerned, the increase in the activity of D6-desaturase by

myristic acid was first postulated to be mediated by

N-myristoylation (see below) because this enzyme exhibits an

N-terminal glycine residue. However, we recently demon-

strated that D6-desaturase is not myristoylated in vivo [26].

The hypothesis has been proposed that myristoylation of

another protein of the whole complex of D6-desaturation,

NADH cytochrome b5 reductase [62], could account for this

increased activity.

Lauric Acid Could be a Precursor for x3 Fatty Acid

Biosynthesis

The low level of C12:0 conversion to C12:1n-3 in the liver

of rats has led to the hypothesis that this monounsaturated

fatty acid of the (n-3) series might be, under extreme

physiological circumstances [for example animals deprived

of (n-3) PUFA in the diet during a long period], an unusual

precursor for the biosynthesis of a-linolenic acid, by suc-

cessive D6-desaturation, elongation, D5-desaturation and

two final elongations [11].

SFA May Play Multiple Roles in Early Events

of Apoptosis

Specific histone deacetylase inhibitors, like butyric acid,

selectively induce cellular differentiation, growth arrest and

apoptosis in a variety of cancer cells [63]. Although contra-

dictory effects have been reported [64], it seems that delivery

of an adequate amount of butyrate to the appropriate site could

protect against early tumorigenic events [65].

Several SFA may induce apoptosis via different ways.

First, as already suggested above, butyrate and short-chain

SFA may also have an effect on apoptosis [66]. Second,

the pro-apoptotic effect of non-esterified palmitate and

stearate was shown to require acyl–CoA formation and

NF-jB activation [67]. Third, SFA may also influence

apoptosis via the ceramide pathway by inducing ceramide

de novo synthesis at several steps [68–70]. The first step

catalyzed by the serine palmitoyltransferase involves ser-

ine condensation with palmitoyl–CoA [71]. The last step is

catalyzed by dihydroceramide D4-desaturase (DES). We

recently showed that both DES1 and DES2 isoforms are

myristoylated and that this N-terminal modification sig-

nificantly increased the activity of recombinant DES1 in

COS-7 cells [26]. Compared with a recombinant unmyri-

stoylable mutant form of DES1 (N-terminal glycine

replaced by an alanine), the desaturase activity of the

myristoylable wild-type DES1 was two times higher, in

the presence of myristic acid incubated with the cells [26].

The description of this regulatory mechanism highlighted

a new potential relationship between myristic acid, the

saturated fatty acid capable of binding and activating the

enzyme involved in the final de novo ceramide biosyn-

thesis step, and lipoapoptosis induced through the cera-

mide pathway. Therefore, we subsequently hypothesized

and showed that the myristoylation of recombinant DES 1

can target part of the enzyme to the mitochondria, leading

to an increase in ceramide levels (specifically in the

mitochondria) which in turn leads to apoptosis in the COS-

7 cell model [72].

Medium-Chain Fatty Acids and Fat Deposition

A point of interest is the specific role played by medium-

chain SFA. It has been reported that overfeeding with a

medium-chain TAG diet in rats results in a diminished

deposition of fat, when compared with rats overfed with

isocaloric long-chain TAG [73]. This suggests an obliga-

tory oxidation of medium-chain SFA in the liver, after

transport via the portal vein, leaving no medium-chain

TAG for accumulation in adipose tissue [73]. Another

hypothesis for medium-chain TAG effect is their inhibitory

effect on apoB synthesis, reducing the VLDL secretion by

hepatocytes. This has been observed with octanoate in

chicken hepatocytes [74].

Conclusion

We have reported here new knowledge on cellular and

physiological functions of the different SFA. For this rea-

son, SFA should no longer be considered as a single group

in terms of structure, metabolism, and function.
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Abstract We recently showed that a hypocaloric carbo-

hydrate restricted diet (CRD) had two striking effects: (1) a

reduction in plasma saturated fatty acids (SFA) despite

higher intake than a low fat diet, and (2) a decrease in

inflammation despite a significant increase in arachidonic

acid (ARA). Here we extend these findings in 8 weight

stable men who were fed two 6-week CRD (12%en car-

bohydrate) varying in quality of fat. One CRD emphasized

SFA (CRD-SFA, 86 g/d SFA) and the other, unsaturated fat

(CRD-UFA, 47 g SFA/d). All foods were provided to

subjects. Both CRD decreased serum triacylglycerol (TAG)

and insulin, and increased LDL-C particle size. The CRD-

UFA significantly decreased plasma TAG SFA (27.48 ±

2.89 mol%) compared to baseline (31.06 ± 4.26 mol%).

Plasma TAG SFA, however, remained unchanged in the

CRD-SFA (33.14 ± 3.49 mol%) despite a doubling in SFA

intake. Both CRD significantly reduced plasma palmitoleic

acid (16:1n-7) indicating decreased de novo lipogenesis.

CRD-SFA significantly increased plasma phospholipid

ARA content, while CRD-UFA significantly increased EPA

and DHA. Urine 8-iso PGF2a, a free radical-catalyzed

product of ARA, was significantly lower than baseline

following CRD-UFA (-32%). There was a significant

inverse correlation between changes in urine 8-iso PGF2a

and PL ARA on both CRD (r = -0.82 CRD-SFA; r =

-0.62 CRD-UFA). These findings are consistent with the

concept that dietary saturated fat is efficiently metabolized

in the presence of low carbohydrate, and that a CRD results

in better preservation of plasma ARA.

Keywords Saturated fat � Palmitic acid �
Palmitoleic acid � Plasma fatty acid composition �
Ketogenic diet � Omega-3 eggs � Metabolic syndrome �
Insulin sensitivity � Controlled human feeding study �
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IL Interleukin

LA Linoleic acid

MCP-1 Monocyte chemotactic protein-1

MUFA Monounsaturated fatty acids

MI Myocardial infarction

NA Not available

%en Percent total energy

PUFA Polyunsaturated fatty acids

TAG Triacylglycerol

PL Phospholipid

ROS Reactive oxygen species

RDA Recommended daily allowance

SFA Saturated fatty acids

TNF-a Tumor necrosis factor-a

Introduction

The rationale for using carbohydrate-restricted diets (CRD)

in an experimental setting is that dietary carbohydrate is

the major stimulus of the glucose-insulin axis which, in

turn has profound effects on several metabolic processes.

The shift away from an anabolic state leads to an increase

in fat oxidation thereby altering lipoprotein metabolism

and cardio-metabolic profile [1]. Low carbohydrate diets

consistently decrease fasting and postprandial plasma tri-

acylglycerol (TAG), increase HDL-cholesterol (HDL-C),

lower plasma insulin, and improve insulin sensitivity [2].

While LDL-cholesterol (LDL-C) responses are more vari-

able, there is a consistent shift from small to larger particles

[3]. These responses to carbohydrate restriction have been

shown to occur in isocaloric experiments [4–6] indicating

that the effects are not solely due to weight loss.

In our previous study of overweight men and women

consuming a hypocaloric CRD, one of the most striking

responses was a significantly greater reduction in plasma

SFA levels in response to a CRD compared to a low fat

diet, despite a threefold greater presence of dietary SFA in

the carbohydrate-reduced diet [7]. Control of lipid metab-

olism, particularly SFA availability, is of current interest

because of a recent meta-analysis showing that dietary SFA

is not a risk factor for cardiovascular disease [8] and the

indication that replacement by carbohydrate, in particular,

may increase risk [9]. The extent to which plasma SFA

reflects dietary saturated fat consumption is not clear-cut

and is significantly affected by the presence of carbohy-

drate [3, 7]. Cassady et al. [10], for example, found that

plasma palmitic and stearic acids did not depend on the

saturated fat content of two different CRD. Two other

studies reported lower plasma levels of SFA in response to

diets that contained two to threefold greater intake of SFA

but were lower in carbohydrate than standard intakes [11,

12].

The other remarkable finding in our previous investi-

gation was a significant decrease in inflammatory markers

despite a marked increase in plasma arachidonic acid

(ARA) [7]. The metabolic intermediates in the production

of ARA were decreased suggesting that synthesis was not

increased. We proposed rather that the increase was due to

better preservation of ARA. This idea was supported

indirectly by the observation of significant reductions in

several inflammatory cytokines that were also inversely

correlated with changes in ARA. The ratio of n-6 to n-3

highly unsaturated fatty acids in phospholipids (PL) has

received significant attention due to their conversion to

eicosanoids of different biologic effects. The n-6 ARA

(20:4n-6) more readily promotes inflammation when

converted enzymatically or non-enzymatically to pro-

inflammatory eicosanoids and F2-isoprostanes [13, 14],

whereas an increase in membrane eicosapentaenoic acid

(EPA; 20:5n-3), an n-3 PUFA has anti-inflammatory

effects and decreases risk of cardiovascular disease [15,

16]. Increasing ARA in membranes, however, does not

inevitably lead to greater inflammation and may in fact

have the opposite effect [15, 17]. The proinflammatory

effects of ARA are due to metabolites produced sub-

sequent to its release from membranes rather than the

proportion of the intact fatty acid. Enzymatic metabolism

of free ARA results in production of eicosanoids, and free

radical-induced peroxidation of ARA results in the for-

mation of isoprostanes. Measurement of isoprostanes is

considered an accurate marker of oxidative stress, but

it also represents a unique non-enzymatic degradation

product of ARA [18].

Here, we extend the findings of our previous study by

assessing plasma fatty acid composition responses in men

who participated in two 6-week weight maintenance CRD

feeding periods varying only in fatty acid composition.

One CRD was designed to be high in SFA (emphasizing

dairy fat and eggs), and the other was designed to be

lower in saturated fat and consequently higher in unsat-

urated fat from both polyunsaturated (PUFA) and mono-

unsaturated (MUFA) fatty acids (emphasizing fish, nuts,

omega-3 enriched eggs, and olive oil). The objectives

were to: (1) establish whether the disconnect between

dietary and plasma SFA levels persists under isocaloric

conditions, (2) determine if a weight stable CRD increa-

ses plasma ARA and the association with inflammatory

markers and isoprostanes, and (3) determine whether an

increase in dietary EPA and docosahexaenoic acid

(DHA; 22:6n-3) on a CRD mitigates the increase in

plasma ARA and its association with inflammatory

markers and isoprostanes.
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Experimental Procedures

Study Participants

Eight men, aged 38–58 years old, with BMI of 25–35 kg/m2

participated in this controlled dietary intervention. Medical

history, family history, and dietary intake from a 3 day

diet record were collected at baseline. Exclusion criteria

were abnormal glucose levels, hypercholesterolemia, a

diagnosis of Type I or II diabetes, liver or other metabolic

or endocrine dysfunction, hypertension, or use of cholesterol

or diabetic medications. Subjects were also excluded if

they were taking any supplements known to affect serum

lipoprotein levels (i.e. fish oil, niacin, psyllium fiber) or

inflammation (i.e. aspirin). Subjects were not excluded if

they were already following a CRD, but were excluded if

they were trying to lose weight or had a body mass that

changed ±3 kg in the last 3 months. Subjects were asked to

maintain their same activity level during the experimental

period (verified by activity records) and sedentary individ-

uals were not allowed to start a new exercise program in

order to account for possible confounding effects on the

dependant variables.

Study Design and Dietary Intervention

In a randomized, cross-over, controlled design, an isoca-

loric carbohydrate restricted high saturated fat diet (CRD-

SFA) was compared to a CRD higher in unsaturated fat

(CRD-UFA). Each dietary feeding period was 6 weeks in

duration, based on previous research showing that the fatty

acid composition of plasma PL stabilizes within 4–6 weeks

of dietary change [19] and blood lipids stabilize within

6 weeks of a CRD [20]. Three weeks prior to starting each

of the 6 week dietary feeding periods, all subjects were

counseled to consume a run-in free-living weight-main-

taining CRD (*10%en from carbohydrate, 65%en from

fat, and 25%en from protein), using standardized proce-

dures from our research laboratory. The purpose of this

run-in period was to: aide in determining an appropriate

energy level to maintain body weight; standardize subject’s

physiologic state before each diet; and initiate metabolic

adaptations to carbohydrate restriction. Urinary ketones

were monitored throughout the entire CRD run-in period

and intervention using reagent strips (Bayer Corporation,

Elkart, IN) to ensure compliance and to assure the presence

of nutritional ketosis. After the run-in period, subjects were

randomized to one of two dietary arms as described above.

Following the 6 week feeding period, subjects returned to

their individual baseline diet for 4 weeks. Once washed

out, they returned to the same run-in CRD for another

3 weeks, and then crossed over to the next 6 week con-

trolled CRD feeding arm.

Dietary energy for each subject was prescribed to

maintain body weight, estimated using the Harris-Benedict

equation and multiplied by an activity factor from 1.2 to

1.55 depending on individual activity level. This was

averaged with their caloric intake during their baseline

dietary intake and run-in CRD period. Composition of the

experimental diets was developed using nutrient analysis

software consisting of normal foods that differed only in

the relative amount of saturated and unsaturated fatty acids,

but were matched for food type, energy, total fat, dietary

fiber, trans fat, and cholesterol (Food Processor 7.71,

ESHA Research, Salem, OR). Validation of the daily

nutrient composition was confirmed by chemical analysis

(Covance Inc, Princeton, NJ). Table 1 shows the average

nutrient intake for 3 days of the 7-day rotational menu via

chemical analysis. A daily multi-vitamin and mineral

Table 1 Nutritional analysis of habitual and experimental diets

Nutrient Baseline CRD-SFA CRD-UFA

Energy (kcal/d) 2,072 ± 498 2,513 ± 214 2,513 ± 214

Protein (%) 24.6 ± 7.3 28.5 ± 2.7 29.8 ± 1.5

Protein (g) 128.3 ± 45 179.1 ± 15 187.2 ± 15

Carbohydrates (%) 34.2 ± 18 13.4 ± 2.6 12.3 ± 2.5

Carbohydrates (g) 174.2 ± 99 84.9 ± 7.1 77.3 ± 6.6

Fiber (g) 12.4 ± 5.1 19.2 ± 4.8 18.5 ± 1.2

Fat (%) 41.3 ± 12.0 58.6 ± 3.7 57.9 ± 3.9

Fat (g) 94.1 ± 35.0 163.6 ± 11.9 161.3 ± 7.5

SFA (%) 17.2 ± 5.0 30.8 ± 4.3 17.0 ± 2.0

SFA (g) 39.8 ± 11.9 85.6 ± 6.9 47.2 ± 2.8

14:0 NA 9.45 ± 2.4 4.02 ± 1.8

16:0 (g) NA 46.1 ± 3.4 23.2 ± 4.9

18:0 (g) NA 22.9 ± 1.9 13.1 ± 2.1

MUFA (%) 16.4 ± 5.8 20.9 ± 0.8 24.7 ± 3.1

MUFA (g) 37.0 ± 13.4 58.1 ± 2.1 68.6 ± 8.7

18:1 (g) NA 56.6 ± 1.4 64.3 ± 6.9

PUFA (%) 7.4 ± 2.4 4.5 ± 0.3 14.7 ± 3.0

PUFA (g) 16.3 ± 6.5 12.4 ± 1.9 40.8 ± 8.1

n-3 PUFA (%) NA 0.6 ± 0.1 2.9 ± 0.3

n-6 PUFA (%) NA 3.8 ± 0.8 10.8 ± 2.0

18:2n-6 (g) NA 9.9 ± 2.6 27.9 ± 6.3

18:3n-3 (g) NA 1.2 ± 0.3 7.5 ± 1.4

20:4n-6 (g) NA 0.5 ± 0.1 0.5 ± 0.2

20:5n-3 (g) NA 0.2 ± 0.0 0.6 ± 0.2

22:6n-3 (g) NA 0.2 ± 0.1 0.9 ± 0.1

Trans fatty acids (g) 1.7 ± 1.9 2.4 ± 0.3 1.4 ± 0.1

Cholesterol (mg) 426.4 ± 267.4 854 ± 97.3 849 ± 41.9

Values are mean percentages of total energy ± SD. NA data not

available from habitual diet records. Habitual diets calculated from

baseline 3-day food records of each participant. Habitual diets ana-

lyzed by Food Processor, ESHA Research, Salem, OR. Experimental

diets analyzed by Covance Laboratories, Inc, Princeton, NJ

Lipids (2010) 45:947–962 949

123



supplement at levels C100% of the RDA was also given to

subjects and consumed throughout the entire intervention

to ensure adequate micronutrient status.

In each 6-week feeding period, all food and beverages

were provided for subjects in a 7-day rotational menu, and

no other foods or beverages were allowed, unless they were

calorie-free or very-low-calorie (i.e., tea, water, diet soda).

Predominant foods in the CRD-SFA were high-fat dairy

(cream, butter, cheese, and low-carbohydrate milk), eggs,

meat, poultry, and white fish, and a few low omega-3 nuts

and seeds (such as almonds). In the CRD-UFA, predomi-

nant foods were liquid omega-3 PUFA eggs (Egg Cre-

ations, Burnbrae Farms Ltd, ON, Canada. Containing EPA,

DPA and DHA), hard shell omega-3 eggs (high in ALA

and DHA), salmon, sardines, meat, poultry, olive oil,

canola oil, low-fat low-carbohydrate dairy, walnuts, and

seeds. Subjects picked up prepared, packaged food every

Monday, Wednesday and Friday. All take-out food con-

tainers were returned unwashed and inspected to ensure

that all food and fat had been consumed.

Anthropometrics

Body weight was measured weekly in the morning before

food consumption and maintained within ±2 kg during the

dietary intervention. Adjustments in caloric intake were

made to maintain body weight within these parameters.

Body composition was measured by dual-energy X-ray

absorptiometry (Prodigy, Lunar Corporation, Madison, WI)

at baseline, and at the start and end of each diet feeding

intervention. Analyses were performed by the same blinded

technician.

Blood Collection and Analysis

Blood samples were obtained at baseline, pre-dietary

intervention and post-dietary intervention for both feeding

periods. The sample was obtained from an arm vein after

subjects rested quietly for 10 min in the supine position.

Whole blood was collected into tubes with no preservative

or EDTA and centrifuged at 1,5009g for 15 min and 4 �C,

and promptly aliquoted into separate storage tubes which

were stored at -75 �C until analyzed. A portion of serum

(*3 ml) was immediately sent to a certified medical lab-

oratory (Quest Diagnostics, Wallingford, CT) for deter-

mination of total cholesterol (TC), HDL-C, TAG, and

calculated LDL-C concentrations using automated enzy-

matic procedures (Olympus America Inc., Melville, NY).

Glucose and insulin concentrations were analyzed in

serum in duplicate (YSI 2300 STAT, Yellow Springs, OH,

CV 0.5%) and radioimmunoassay (Diagnostic Systems

Laboratory, Webster, TX, CV 4.3%), respectively, and used

to calculate an index of insulin resistance [HOMA-IR;

calculated as Glucose (mmol/l) Insulin (lIU/ml/22.5)].

The 75th percentile cut-off value for insulin resistance in

non-diabetic individuals has been determined to corre-

spond to a value of 2.29 [17]. Lipoprotein particle size of

LDL-C was determined in serum using non-gradient

polyacrylamide gel electrophoresis (Lipoprint LDL Sys-

tem, Quantimetrix Co., Redondo Beach, CA) as previously

described [21]. Serum total ketone bodies were determined

by a cyclic enzymatic method that measures both aceto-

acetate (AcAc) and 3-hydroxybutyrate (3-HB) (Wako

Chemicals USA Inc, Richmond, VA). Absorbance was

read at a wavelength of 404 nm on a microplate reader

(Versa Max Molecular Devices Corp. Sunnyvale, CA,

USA) and analyzed with associated SoftMax Pro software

(CV 4.2%). Serum IL-6, IL-8, MCP-1, TNF-a, and leptin

were measured using xMAP� technology on a Luminex�

IS 200 system with antibodies to these analytes from

LINCO Research (St. Charles, MO). Assays were com-

pleted in duplicate according to manufacturer’s instruc-

tions (IL-6 CV 12.7%, IL-8 CV 10.4%, MCP-1 CV 7.3%,

TNF-a CV 9.7%, Leptin CV 10.2%). High Sensitivity

C-reactive protein (hs-CRP) was determined in serum on an

IMMULITE Automated Analyzer using the commercially

available immulite chemiluminescent enzyme immuno-

metric assay (Immulite�, Diagnostic Products Corp., Los

Angeles, CA, USA).

A 24-h urine collection was performed at baseline and

post-dietary intervention. A 10-ml aliquot of urine was

stored at -75 �C for subsequent analysis of F2-Isoprostane

(8-iso PGF2a) concentrations. All samples were analyzed in

triplicate using column extraction followed by an ACETM

Competitive Enzyme Immunoassay with 8-Isoprostane

enzyme-linked immunosorbent assay (EIA) kit (Cayman

Chemicals, Ann Arbor, MI). Briefly, 2 ml frozen thawed

urine was purified through an 8-Isoprostane Affinity Col-

umn (Caymen Chemicals), washed with column buffer and

ultra pure water, and eluted with ethanol:water (95:5).

Elution was dried with nitrogen; the volume of the dried

sample was brought to 2 ml with enzyme immunoassay

buffer in a 1:10 dilution. Absorbance was read at 420 nm

and data was analyzed with a log-logit curve fit (CV 5.7%).

The results were expressed relative to creatinine concen-

trations determined using Jaffe’s colorimetric method

(Cayman Chemicals) read at an absorbance of 490 nm (CV

3.2%).

Fatty Acid Composition

Plasma was shipped on dry ice to Lipid Technologies LLC

(Austin, MN) and analyzed for plasma fatty acid compo-

sition in circulating PL, TAG and CE using capillary gas

chromatography as previously described [7]. Lipids were

extracted according to the method of Bligh/Dyer whereby
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mixtures of plasma, methanol, chloroform and water were

prepared such that lipid is recovered in a chloroform layer.

The resulting lipid extracts were maintained under an

atmosphere of nitrogen following extraction and kept fro-

zen prior to additional processing. Immediately prior to

lipid class separation, lipid samples were dried under a

gentle stream of nitrogen, rediluted in 50 ll of chloroform

and prepared for lipid class separation. Lipid classes were

separated on commercial silica gel G plates (AnalTech,

Newark, DE). The chromatographic plates were developed

in a solvent system consisting of distilled petroleum ether

(b.p.30–60 �C): diethyl ether: acetic acid (80:20:1, by vol).

Following development, the silica gel plates were sprayed

with a methanolic solution containing 0.5% 2,7-dichloro-

fluorescein which was then used to visualize lipid classes

under ultraviolet light. Desired corresponding lipid bands

were then scraped into Teflon-lined screw cap tubes. The

samples were then transesterified with boron trifluoride

(10%) in excess methanol (Supelco, Bellefonte, PA) in an

80 �C water bath for 90 min. Resulting fatty acid methyl

esters were extracted with water and petroleum ether and

stored frozen until gas chromatographic analysis was

performed.

Lipid class fatty acid methyl ester composition was

determined by capillary gas chromatography. Methyl ester

samples were blown to dryness under nitrogen and resus-

pended in hexane. Resulting fatty acid methyl esters were

separated and quantified with a Shimadzu capillary gas

chromatograph (GC17) utilizing a 30 m Restek free fatty

acid phase (FFAP) coating and EZChrom software. The

instrument temperature was programmed from 190 to 240�
at 7 �C/min with a final hold of 10 min, separating and

measuring fatty acid methyl esters ranging from 12:0 to

24:1. The detector temperature was 250 �C. Helium carrier

gas was used at a flow rate of 1.4 ml/min. and a split ratio

of 1:25. Chromatographic data was collected and processed

with EZChrom software (Scientific Products, CA). Fatty

acids were identified by comparison to authentic fatty acid

standards and quantitated with peak area and internal

standard. Individual peaks, representing as little as 0.05%

of the fatty acid methyl esters, were distinguished. Fatty

acid data are expressed in relative (mol%) and absolute

(nmol/ml) terms.

Statistics

ANOVA with repeated measures was used to evaluate

changes from baseline across diets. Data that was not

normally distributed was log transformed. Significant main

effects were further analyzed using a Tukey post hoc test.

Differences between values following CRD-SFA and

CRD-UFA were evaluated using paired student’s t test. The

alpha level for significance was \0.05.

Results

Dietary Intake

Nutrient intake estimated at baseline from dietary records

showed a lower than expected energy, 2,072 kcal/d com-

pared to 2,513 kcal/d for the feeding periods. This was

likely due to under-reporting at baseline (Table 1) [22]

although it has been argued that the demands of gluco-

neogenesis and other processes require more energy for

weight maintenance [23]. Habitual carbohydrate intake was

also lower than the average American diet at 32%en

reflecting two subjects who were habitually consuming a

lower-carbohydrate diet. Both CRD were well tolerated

and compliance was excellent as assessed by verbal feed-

back and inspection of returned food containers throughout

the intervention. There was no consistent preference for

one diet treatment over the other by subjects. Briefly, the

main difference between the two low carbohydrate diets

was in the relative amount of SFA, MUFA, PUFA (CRD-

SFA = 31, 21, and 5%; CRD-UFA = 17, 25, and 15%).

Although the CRD-UFA contained higher amounts of both

n-6 and n-3 PUFA, the ratio of n-6/n-3 PUFA was lower in

the CRD-UFA. Other nutrients, including cholesterol, were

matched with the exception of (naturally occurring) trans

fatty acids which were inherently higher on the CRD-SFA

diet due to the higher intake of high-fat dairy. Compared to

baseline, the CRD-SFA diet provided more than twice as

much dietary SFA (86 vs. 40 g) while in the CRD-UFA,

intake of SFA was 47 grams. Compared to baseline, the

CRD-UFA provided more total PUFA (41 vs. 16 g), n-3

PUFA (3%en vs. 0.7%en), and n-6 PUFA (11%en vs.

7%en). Cholesterol intake in both diets was about twofold

higher than baseline intake.

Body Weight and Composition

Body fat percentage and body mass of subjects after the two

experimental diets were not significantly different from

baseline. A small, but significant (P \ 0.05) decrease in body

mass (difference: 0.94 ± 0.13 kg) occurred following the

CRD-UFA diet compared to the CRD-SFA diet (Table 2).

Blood Markers

Blood lipid, metabolic, and inflammatory markers are

presented in Table 2. Serum ketones were moderately

elevated as a result of carbohydrate restriction. Fasting

plasma TC and LDL-C were variable but were higher on

average following CRD-SFA compared to CRD-UFA. The

increase in HDL-C following CRD-SFA (14%) and CRD-

UFA (8%) from baseline resulted in no significant change

in the TC/HDL or LDL/HDL ratios.
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Consistent with numerous studies on CRD even in the

absence of weight loss, a dramatic decrease in plasma TAG

was seen. TAG fell from baseline by 39% after the CRD-

SFA and by 34% on the CRD-UFA. There was also a

decrease in TAG/HDL ratio for both the CRD-SFA

(-39%) and CRD-UFA (-43%). LDL mean and peak

particle size following the two diets were both significantly

higher than baseline.

Blood glucose, insulin, and HOMA-IR were not sig-

nificantly different from baseline or between diets. Using

2.29 as the cut-off point to define insulin resistance [21],

two subjects were insulin resistant (HOMA-IR = 3.06 and

5.53) at baseline. HOMA-IR values were \2.29 for both

subjects after the CRD-UFA and for one of the insulin

resistant subjects after the CRD-SFA.

There were no significant differences in any of the serum

inflammatory markers (hs-CRP, IL-6, IL-8, TNF-a, MCP-1,

leptin) between the two interventions. Compared to baseline

levels of urinary 8-iso PGF2a (629 ± 262 pg/Creatinine

mg), concentrations were reduced by 17% after the

CRD-SFA (524 ± 146 pg/Creatinine mg; P = 0.253) and

by 32% after the CRD-UFA (425 ± 61 pg/Creatinine mg;

P = 0.018). After the CRD-UFA, all 8 subjects had lower

urine 8-iso PGF2a than baseline and 7 out of 8 had lower

concentrations compared to the CRD-SFA.

Plasma Saturated and Monounsaturated Fatty Acids

The major changes in plasma SFA and MUFA were in the

plasma TAG fraction. The mol% of total SFA in TAG was

significantly lower following CRD-UFA compared to

CRD-SFA (Table 3). At the same time, the effect was less

than might be expected given the nearly two-fold differ-

ence in dietary saturated fat suggesting that the reduction in

carbohydrate was the major determinant; there was, in fact,

no difference in total SFA in TAG between baseline and

CRD-SFA. The lower total SFA after the CRD-UFA was

mainly attributed to a decrease in 16:0, the predominant

SFA in plasma TAG although, again, the magnitude of the

effect was small. Compared to baseline, 16:1n-7 mol% in

plasma TAG was significantly lower following both CRD,

but not different between CRD. A comprehensive list of

fatty acids from TAG, PL and CE fractions is provided in

Table 3.

Table 2 Body composition and

blood marker responses of

subjects at baseline and

following the two low

carbohydrate diets

Values are means ± SD

HOMA-IR homeostasis model

assessment insulin resistance

index

* P \ 0.05 from baseline based

on repeated measures ANOVA

and Tukey post hoc
� P \ 0.05 from CRD-SFA diet

(dependent t test)
£ P \ 0.08 from baseline

Characteristic Baseline CRD-SFA CRD-UFA ANOVA

Age (year) 45 ± 7.9

BMI (kg/m2) 30.0 ± 4.0 29.6 ± 3.7 29.3 ± 3.7� 0.190

Body weight (kg) 95.4 ± 13.5 94.1 ± 13.7 93.1 ± 13.8� 0.180

Body fat (%) 28.4 ± 6.5 26.8 ± 5.7£ 26.8 ± 5.7£ 0.075

Fat mass (kg) 26.6 ± 9.0 25.0 ± 7.8 24.5 ± 7.9 0.175

Lean body mass (kg) 65.2 ± 7.4 65.6 ± 7.7 65.2 ± 8.0 0.600

Total cholesterol (mg/dl) 191.0 ± 32.6 215.6 ± 46.5 192.9 ± 27.5� 0.145

LDL-C (mg/dl) 118 ± 29.8 144.1 ± 42.9 125.1 ± 29.1� 0.119

HDL-C (mg/dl) 47.8 ± 10.4 54.5 ± 12.0 51.6 ± 9.4 0.080

TAG (mg/dl) 122.0 ± 55.9 85.1 ± 34.3* 80.4 ± 17.5* 0.047

Total cholesterol/HDL-C 4.1 ± 1.0 4.1 ± 1.1 3.9 ± 0.9 0.467

LDL/HDL 2.6 ± 0.8 2.7 ± 0.9 2.5 ± 0.8 0.526

TAG/HDL-C 2.8 ± 1.9 1.7 ± 0.9* 1.6 ± 0.6* 0.041

LDL mean size (nm) 270.1 ± 3.8 273.4 ± 2.6* 273.3 ± 1.58* 0.023

LDL peak size (nm) 274.3 ± 6.3 279.0 ± 4.8£ 279.8 ± 2.6* 0.031

Glucose (mmol/l) 5.96 ± 0.4 6.14 ± 0.5 6.12 ± 0.4 0.443

Insulin (pmol/l) 52.5 ± 32.5 41.6 ± 14.0 40.2 ± 15.7 0.256

HOMA-IR 2.0 ± 1.2 1.6 ± 0.5 1.6 ± 0.6 0.383

Ketones (lmol/l) 106 ± 42 200 ± 130 267 ± 155* 0.020

Leptin (ng/ml) 11.6 ± 6.5 8.7 ± 5.2 7.6 ± 3.5 0.062

hs-CRP (mg/dl) 2.7 ± 2.3 1.8 ± 0.9 2.7 ± 1.8 0.509

IL-6 (pg/ml) 1.3 ± 1.1 0.9 ± 0.9 1.1 ± 1.2 0.065

IL-8 (pg/ml) 1.7 ± 0.6 1.5 ± 0.9 1.9 ± 1.1 0.333

TNF-a (pg/ml) 3.8 ± 1.5 3.4 ± 1.4 3.6 ± 1.6 0.531

MCP-1 (pg/ml) 251 ± 81 234 ± 94 269 ± 123 0.670

8-iso PGF2a (pg/mg creatinine) 629 ± 262 524 ± 146 425 ± 61 0.053
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Plasma Polyunsaturated Fatty Acids

The major changes in plasma PUFA were in the PL frac-

tion. There were distinct differences between the CRD in

plasma PL long chain n-6 and n-3 PUFA (Table 3).

Compared to baseline, all subjects had an increase in

20:4n-6 after the CRD-SFA, and those values were higher

than 20:4n-6 after the CRD-UFA in all but one subject.

Interestingly, despite an increase in 20:4n-6 in response to

the CRD-SFA the immediate precursor 20:3n-6 was not

increased and was in fact lower than baseline. Total n-3

PUFA was significantly higher following the CRD-UFA

than baseline and CRD-SFA values primarily due to

greater increases in 20:5n-3 (EPA) and 22:6n-3 (DHA).

The PL n-6/n-3 ratio (calculated as the sum of all n-6

PUFA divided by the sum of all n-3 PUFA), was signifi-

cantly lower following CRD-UFA than CRD-SFA and

baseline. Compared to baseline, the ARA/EPA ratio was

significantly increased after the CRD-SFA whereas it was

decreased after the CRD-UFA. Compared to baseline the

ARA/EPA ratio was decreased after the CRD-UFA in all

subjects, and it was higher during the CRD-SFA than the

CRD-UFA in all subjects.

Intuitively, one might presume an increase in PL ARA

would result in a corresponding increase in 8-iso PGF2a,

yet we observed the opposite. There was a significant

inverse correlation between changes in urine 8-iso PGF2a

and PL ARA on both low carbohydrate diets (r = -0.82

CRD-SFA, P = 0.007; r = -0.62 CRD-UFA, P = 0.05)

indicating that those subjects who showed greater increases

in plasma ARA had greater reductions in 8-iso PGF2a.

Discussion

Dietary saturated fat has been the focus of nutritional

recommendations since the 1970 study of Ancel Keys [24].

Current recommendations are as low as 7% [25] although

the subject has always generated some controversy. The

biologic effect of dietary SFA is presumed to rest with its

effect on plasma SFA and other lipid fractions but a

number of reports in the literature suggest that this needs to

be experimentally established [7, 11, 12]. In the current

study, we used a controlled-feeding design to examine

responses in plasma fatty acids, lipoproteins, isoprostanes

and inflammatory markers in men who switched from their

habitual diet to a CRD either high in SFA (CRD-SFA) or

unsaturated fat (CRD-UFA) including eggs with long chain

n-3 PUFA. The primary findings were that: (1) there is

limited effect of dietary SFA on plasma SFA in the context

of a weight maintenance low carbohydrate diet, (2) a

weight maintenance CRD high in SFA (representing the

typical nutrient composition of CRD we have studied in

our many previous investigations) resulted in a significant

increase in plasma ARA without an accompanying increase

in inflammation or oxidative stress, (3) a weight mainte-

nance CRD higher in unsaturated fat (CRD-UFA) includ-

ing EPA and DHA (CRD-UFA) prevented the increase in

plasma ARA while increasing plasma EPA and DHA

content and significantly decreasing urine 8-iso PGF2a, a

degradation breakdown product of ARA, and, (4) the

changes in plasma ARA and urine 8-iso PGF2a were

inversely correlated on both CRD independent of fat

composition supporting and strengthening our hypothesis

of less catabolism of ARA (i.e., better preservation of

ARA) on a CRD.

Saturated Fat

The most striking finding was the lack of association

between dietary SFA intake and plasma SFA concentra-

tions. Compared to baseline, a doubling of saturated fat

intake on the CRD-SFA did not increase plasma SFA in

any of the lipid fractions, and when saturated fat was only

moderately increased on the CRD-UFA, the proportion of

SFA in plasma TAG was reduced from 31.06% to

27.48 mol%. Since plasma TAG was also reduced, the total

SFA concentration in plasma TAG was decreased by 47%

after the CRD-UFA, similar to the 57% decrease we

observed in overweight men and women after 12 week of a

hypocaloric CRD [7]. These results can best be explained

by the metabolic adaptations induced by carbohydrate

restriction [1], notably less stimulation of insulin. Lower

insulin levels result in increased lipolysis and fatty acid

oxidation while simultaneously decreasing activity of key

enzymes in de novo lipogenesis. From a mechanistic

standpoint, restriction in dietary carbohydrate is the dom-

inant dietary manipulation that accelerates fat mobilization

and oxidation [26]. The lipid fraction most responsive to

carbohydrate restriction was TAG. Higher incorporation of

SFA into VLDL TAG is correlated with insulin resistance

and adiposity [27], probably reflecting accelerated hepatic

de novo lipogenesis. Plasma TAG transports the greatest

amount of fatty acids that are actively involved in energy

exchange. Therefore a decrease in plasma SFA, from

reduced hepatic fatty acid synthesis or increased beta-

oxidation, may attenuate atherogenic cell-signaling even in

the presence of higher dietary SFA. The limited change in

SFA in PL may be due to lower turnover in this fraction

(the sn-1 position almost always carries a SFA), or to the

short duration of this study. Previous studies have shown

that increased plasma PL and CE SFA levels predict

development of cardiovascular disease (CVD) [28, 29].

The presence of palmitoleic acid (16:1n-7) is an indi-

cator of de novo fatty acid synthesis [30] since the com-

pound is limited in the diet. Both isocaloric CRD feeding
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Table 3 Plasma TAG, PL and CE fatty acid responses at baseline and following the two low carbohydrate diets

Baseline CRD-SFA CRD-UFA ANOVA

TAG (nmol/ml)

SFA

14:0 66.5 ± 48.3 32.8 ± 15.7 23.9 ± 10.1* 0.023

15:0 10.5 ± 5.3 7.8 ± 3.5 6.4 ± 1.8 0.090

16:0 915.8 ± 585.7 540.8 ± 157.9 482.1 ± 167.8* 0.036

18:0 126.0 ± 72.9 98.3 ± 32.8 83.5 ± 21.3 0.216

20:0 1.8 ± 0.6 1.4 ± 0.5 1.4 ± 0.3 0.222

22:0 0.9 ± 0.7 0.6 ± 0.9 0.9 ± 0.7 0.711

24:0 1.1 ± 0.7 1.1 ± 0.6 1.7 ± 1.5 0.392

Total SFA 1122 ± 707 683 ± 203 600 ± 200* 0.043

MUFA

14:1 3.9 ± 5.3 1.7 ± 2.0 0.1 ± 0.3 0.105

15:1 1.4 ± 0.6 1.0 ± 0.3 1.1 ± 0.6 0.280

16:1 147.4 ± 113.7 55.9 ± 20.1* 58.4 ± 25.1* 0.014

17:1 9.7 ± 5.9 6.7 ± 2.8 6.3 ± 2.7 0.132

18:1n9 1233.6 ± 562.6 772.8 ± 203.7* 821 ± 271.8* 0.018

20:1n7 4.5 ± 3.4 2.9 ± 2.3 1.6 ± 1.6 0.085

20:1n9 7.7 ± 2.6 5.8 ± 1.7 7.6 ± 3.3 0.177

22:1n9 2.7 ± 1.6 2.2 ± 1.6 2.4 ± 1.5 0.731

24:1 0.0 ± 0.0 0.1 ± 0.3 0.6 ± 1.2 –

Total MUFA 1411 ± 687 849 ± 227* 899 ± 302* 0.017

PUFA

18:3n3 37.8 ± 16.6 16.8 ± 7.9* 39.0 ± 21.0� 0.014

18:4n3 5.6 ± 4.4 3.6 ± 2.5 3.7 ± 3.2 0.283

20:3n3 0.7 ± 0.8 0.2 ± 0.3 0.3 ± 0.5 0.245

20:4n3 1.5 ± 1.6 0.8 ± 0.9 1.3 ± 1.8 0.548

20:5n3 8.9 ± 5.7 4.2 ± 2.5 32.7 ± 49.6 0.148

22:5n3 12.9 ± 7.5 7.7 ± 3.1 15.9 ± 10.6 0.111

22:6n3 15.2 ± 6.7 12.2 ± 6.9 53.6 ± 75.1 0.128

18:2n6 712.0 ± 330.7 382.9 ± 146.7* 469.1 ± 170.9* 0.007

18:3n6 16.4 ± 10.1 8.5 ± 7.4 5.6 ± 2.1* 0.026

20:2n6 6.2 ± 3.6 3.1 ± 1.1* 2.7 ± 1.1* 0.007

20:3n6 10.3 ± 6.6 4.8 ± 2.0* 3.6 ± 1.6* 0.009

20:4n6 43.4 ± 14.3 40.0 ± 15.4 34.1 ± 15.0 0.169

22:4n6 4.7 ± 2.2 3.6 ± 1.7 1.9 ± 0.7* 0.005

22:5n6 2.7 ± 1.3 2.9 ± 1.5 2.0 ± 1.6 0.150

20:3n9 2.4 ± 0.9 2.8 ± 1.5 1.4 ± 0.4� 0.009

Total PUFA 881 ± 377 494 ± 189* 667 ± 307 0.010

Total n3 82.6 ± 21.0 45.4 ± 19.9 46.5 ± 151.9 0.087

Total n6 796 ± 362 455 ± 170* 519 ± 186* 0.008

n6/n3 9.5 ± 3.2 10.3 ± 2.3 5.1 ± 2.2*,� 0.003

AA/EPA 6.6 ± 3.8 10.5 ± 3.2 2.3 ± 1.6� 0.001

TAG (mol%)

SFA

14:0 1.75 ± 0.59 1.55 ± 0.45 1.09 ± 0.26* 0.018

15:0 0.31 ± 0.06 0.37 ± 0.10 0.30 ± 0.07 0.074

16:0 25.22 ± 3.72 26.20 ± 2.09 21.99 ± 2.39� 0.023

18:0 3.65 ± 0.78 4.86 ± 1.24* 3.92 ± 0.59� 0.008
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Table 3 continued

Baseline CRD-SFA CRD-UFA ANOVA

20:0 0.06 ± 0.02 0.07 ± 0.03 0.07 ± 0.02 0.605

22:0 0.03 ± 0.03 0.03 ± 0.04 0.04 ± 0.02 0.624

24:0 0.04 ± 0.04 0.06 ± 0.04 0.07 ± 0.04 0.570

Total SFA 31.06 ± 4.26 33.14 ± 3.49 27.48 ± 2.89� 0.022

MUFA

14:1 0.08 ± 0.09 0.07 ± 0.07 0.00 ± 0.01 0.057

15:1 0.04 ± 0.03 0.05 ± 0.02 0.06 ± 0.04 0.553

16:1 3.78 ± 1.22 2.66 ± 0.36* 2.59 ± 0.37* 0.006

17:1 0.27 ± 0.04 0.32 ± 0.07 0.28 ± 0.05 0.167

18:1n9 36.15 ± 2.77 37.41 ± 1.89 37.40 ± 2.98 0.512

20:1n7 0.12 ± 0.06 0.14 ± 0.08 0.06 ± 0.06 0.095

20:1n9 0.25 ± 0.07 0.29 ± 0.09 0.34 ± 0.07 0.068

22:1n9 0.10 ± 0.07 0.12 ± 0.10 0.12 ± 0.08 0.360

24:1 0.00 ± 0.00 0.01 ± 0.02 0.02 ± 0.04 –

Total MUFA 40.79 ± 2.60 41.07 ± 1.66 40.89 ± 2.97 0.971

PUFA

18:3n3 1.12 ± 0.22 0.79 ± 0.22 1.70 ± 0.45*,� 0.000

18:4n3 0.17 ± 0.09 0.17 ± 0.12 0.16 ± 0.09 0.913

20:3n3 0.02 ± 0.03 0.01 ± 0.01 0.01 ± 0.02 0.555

20:4n3 0.04 ± 0.06 0.04 ± 0.04 0.06 ± 0.09 0.800

20:5n3 0.36 ± 0.38 0.20 ± 0.08 1.25 ± 1.40 0.058

22:5n3 0.49 ± 0.49 0.36 ± 0.10 0.69 ± 0.25 0.116

22:6n3 0.57 ± 0.47 0.55 ± 0.20 2.07 ± 2.07 0.040

18:2n6 20.97 ± 3.17 18.19 ± 4.15 21.41 ± 2.48 0.139

18:3n6 0.46 ± 0.14 0.39 ± 0.28 0.25 ± 0.05 0.065

20:2n6 0.18 ± 0.04 0.15 ± 0.03 0.12 ± 0.03 0.051

20:3n6 0.28 ± 0.06 0.23 ± 0.05 0.16 ± 0.05* 0.005

20:4n6 1.40 ± 0.44 1.87 ± 0.36* 1.58 ± 0.42 0.019

22:4n6 0.14 ± 0.05 0.17 ± 0.06 0.09 ± 0.02*,� 0.001

22:5n6 0.10 ± 0.07 0.13 ± 0.04 0.09 ± 0.04 0.084

20:3n9 0.08 ± 0.04 0.13 ± 0.04 0.07 ± 0.02� 0.001

Total PUFA 26.38 ± 3.83 23.38 ± 4.97 29.71 ± 4.12* 0.019

Total n3 2.78 ± 1.22 2.12 ± 0.52 5.94 ± 3.91*,� 0.014

Total n6 23.52 ± 3.32 21.13 ± 4.61 23.70 ± 2.61 0.284

n6/n3 9.52 ± 3.24 10.25 ± 2.28 5.09 ± 2.18*,� 0.003

AA/EPA 6.58 ± 3.83 10.49 ± 3.22 2.29 ± 1.61� 0.001

PL (nmol/ml)

SFA

14:0 19.0 ± 5.8 23.0 ± 5.2 18.4 ± 8.0 0.322

15:0 7.3 ± 1.3 10.1 ± 2.7* 7.3 ± 1.4� 0.006

16:0 1159.4 ± 120.3 1235.3 ± 217.0 1170.5 ± 160.1 0.604

18:0 596.5 ± 85.7 552.0 ± 114 534.0 ± 60.8 0.450

20:0 17.0 ± 3.4 18.3 ± 4.2 16.7 ± 2.7 0.461

22:0 46.2 ± 10.6 47.6 ± 14.6 37.4 ± 8.0 0.070

24:0 37.5 ± 9.2 41.2 ± 13.2 28.4 ± 8.0� 0.020

Total SFA 1,882.8 ± 210.9 1,927.4 ± 349.4 1,812.8 ± 216.5 0.688

MUFA

14:1 3.3 ± 4.7 3.7 ± 3.4 4.9 ± 3.9 0.707
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Table 3 continued

Baseline CRD-SFA CRD-UFA ANOVA

15:1 19.6 ± 14.4 32.1 ± 20.4 25.2 ± 11.6 0.299

16:1 35.3 ± 14.1 28.5 ± 4.7 25.0 ± 7.7 0.137

17:1 14.6 ± 8.3 25.1 ± 14.6 18.9 ± 7.8 0.186

18:1n9 426.3 ± 56.1 420.4 ± 82.0 386.7 ± 73.6 0.363

20:1n7 2.8 ± 2.2 2.5 ± 1.6 1.5 ± 1.6 0.281

20:1n9 5.6 ± 1.6 5.9 ± 2.4 7.7 ± 3.1 0.129

22:1n9 4.9 ± 2.6 5.2 ± 2.1 5.2 ± 2.3 0.863

24:1 41.1 ± 11.6 45.0 ± 15.2 48.3 ± 10.1 0.291

Total MUFA 553.5 ± 73.4 568.5 ± 119.2 523.3 ± 84.2 0.549

PUFA

18:3n3 9.0 ± 1.4 9.1 ± 3.6 10.3 ± 3.3 0.644

18:4n3 3.8 ± 1.8 5.1 ± 1.7 3.3 ± 1.5 0.124

20:3n3 0.4 ± 0.6 0.0 ± 0.0 0.1 ± 0.2 –

20:4n3 3.3 ± 2.3 2.4 ± 1.5 3.0 ± 1.6 0.719

20:5n3 36.2 ± 23.1 27.4 ± 12.5 148.8 ± 110.5*,� 0.005

22:5n3 32.3 ± 5.5 32.8 ± 11.2 34.3 ± 7.6 0.786

22:6n3 126.6 ± 39.3 122.6 ± 30.1 201.2 ± 46.7*,� 0.000

18:2n6 951.5 ± 141.3 986.7 ± 184.8 917.8 ± 208.1 0.567

18:3n6 6.9 ± 2.8 5.6 ± 1.4 4.4 ± 1.3*,� 0.104

20:2n6 12.3 ± 2.5 11.4 ± 2.2 9.6 ± 2.7 0.113

20:3n6 122.7 ± 38.9 102.7 ± 31.7 62.4 ± 28.2* 0.016

20:4n6 464.5 ± 62.1 580.2 ± 110.7* 462.8 ± 59.0� 0.010

22:4n6 16.5 ± 4.0 17.7 ± 5.2 8.1 ± 1.7*,� 0.000

22:5n6 10.4 ± 3.4 12.1 ± 7.3 4.3 ± 1.5*,� 0.008

20:3n9 5.9 ± 6.0 8.2 ± 13.4 3.9 ± 2.6 0.459

Total PUFA 1802.2 ± 158.9 1924.1 ± 365.5 1874.4 ± 354.9 0.657

Total n3 211.6 ± 60.3 199.4 ± 51.4 401.1 ± 155.3*,� 0.001

Total n6 1584.8 ± 155.8 1716.4 ± 321.7 1469.4 ± 280.2 0.124

n6/n3 8.0 ± 2.4 8.8 ± 1.2 4.1 ± 1.6*,� 0.000

AA/EPA 16.4 ± 7.2 23.9 ± 7.2 4.8 ± 3.3*,� 0.000

PL (mol%)

SFA

14:0 0.45 ± 0.14 0.54 ± 0.18 0.43 ± 0.17 0.367

15:0 0.17 ± 0.04 0.23 ± 0.04* 0.17 ± 0.01� 0.002

16:0 27.19 ± 0.64 28.02 ± 0.90 27.86 ± 0.92 0.120

18:0 13.96 ± 1.06 12.46 ± 0.81 12.81 ± 1.39 0.048

20:0 0.40 ± 0.06 0.42 ± 0.07 0.40 ± 0.05 0.656

22:0 1.08 ± 0.22 1.07 ± 0.21 0.89 ± 0.17 0.033

24:0 0.88 ± 0.19 0.92 ± 0.19 0.68 ± 0.18*,� 0.008

Total SFA 44.13 ± 1.18 43.66 ± 1.17 43.24 ± 1.93 0.452

MUFA

14:1 0.08 ± 0.12 0.09 ± 0.09 0.12 ± 0.10 0.744

15:1 0.46 ± 0.34 0.67 ± 0.37 0.62 ± 0.32 0.397

16:1 0.82 ± 0.27 0.67 ± 0.20 0.59 ± 0.14* 0.043

17:1 0.34 ± 0.19 0.54 ± 0.26 0.46 ± 0.22 0.240

18:1n9 9.99 ± 0.73 9.53 ± 0.76 9.15 ± 0.67* 0.050

20:1n7 0.07 ± 0.05 0.06 ± 0.03 0.04 ± 0.04 0.372

20:1n9 0.13 ± 0.04 0.14 ± 0.07 0.18 ± 0.07 0.238
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Table 3 continued

Baseline CRD-SFA CRD-UFA ANOVA

22:1n9 0.11 ± 0.06 0.12 ± 0.05 0.12 ± 0.05 0.901

24:1 0.96 ± 0.24 1.03 ± 0.35 1.16 ± 0.25 0.237

Total MUFA 12.96 ± 0.69 12.84 ± 0.94 12.45 ± 1.04 0.397

PUFA

18:3n3 0.21 ± 0.03 0.20 ± 0.05 0.25 ± 0.08 0.278

18:4n3 0.09 ± 0.04 0.11 ± 0.03 0.08 ± 0.05 0.203

20:3n3 0.01 ± 0.02 0.00 ± 0.00 0.00 ± 0.01 –

20:4n3 0.08 ± 0.05 0.05 ± 0.03 0.07 ± 0.03 0.568

20:5n3 0.87 ± 0.59 0.61 ± 0.23 3.44 ± 2.23*,� 0.002

22:5n3 0.76 ± 0.12 0.73 ± 0.15 0.81 ± 0.13 0.097

22:6n3 2.97 ± 0.84 2.77 ± 0.46 4.79 ± 0.92*,� 0.000

18:2n6 22.36 ± 2.79 22.32 ± 1.14 21.63 ± 2.24 0.493

18:3n6 0.16 ± 0.05 0.13 ± 0.02 0.10 ± 0.02* 0.031

20:2n6 0.29 ± 0.05 0.26 ± 0.05 0.23 ± 0.06 0.110

20:3n6 2.86 ± 0.77 2.31 ± 0.53 1.49 ± 0.58* 0.002

20:4n6 10.96 ± 1.63 13.14 ± 0.78* 11.03 ± 0.51� 0.002

22:4n6 0.38 ± 0.07 0.40 ± 0.10 0.19 ± 0.04*,� 0.000

22:5n6 0.25 ± 0.08 0.27 ± 0.14 0.10 ± 0.03*,� 0.002

20:3n9 0.14 ± 0.13 0.19 ± 0.32 0.09 ± 0.06 0.496

Total PUFA 42.37 ± 2.45 43.49 ± 1.71 44.32 ± 1.93 0.153

Total n3 4.98 ± 1.42 4.47 ± 0.60 9.45 ± 2.89*,� 0.000

Total n6 37.25 ± 2.58 38.83 ± 1.61 34.78 ± 2.50� 0.002

n6/n3 8.04 ± 2.42 8.81 ± 1.23 4.08 ± 1.56*,� 0.000

AA/EPA 16.04 ± 7.22 23.85 ± 7.22 4.82 ± 3.31*,� 0.000

CE (nmol/ml)

SFA

14:0 36.59 ± 7.9 51.16 ± 25.0 30.46 ± 9.7� 0.047

15:0 10.52 ± 7.1 15.57 ± 6.9 9.16 ± 6.9 0.099

16:0 608.76 ± 51.4 720.01 ± 213.0 611.48 ± 66.2 0.138

18:0 95.77 ± 109.6 71.97 ± 20.9 54.75 ± 12.2 0.512

20:0 5.13 ± 4.8 10.28 ± 13.5 3.50 ± 5.2 0.241

22:0 0.69 ± 1.3 5.44 ± 9.6 2.76 ± 2.8 0.273

24:0 0.41 ± 0.8 1.18 ± 2.3 0.76 ± 1.7 0.672

Total SFA 757.87 ± 106.3 875.61 ± 263.2 712.87 ± 65.6 0.208

MUFA

14:1 0.55 ± 1.0 2.25 ± 2.6 1.88 ± 1.3 0.110

15:1 1.52 ± 3.0 1.29 ± 1.2 1.07 ± 1.5 0.924

16:1 123.62 ± 64.5 119.63 ± 32.8 85.55 ± 5.5 0.221

17:1 10.47 ± 1.7 16.90 ± 9.7 10.37 ± 1.6 0.071

18:1n9 878.74 ± 120.6 1063.96 ± 362.2 925.07 ± 181.7 0.146

20:1n7 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 –

20:1n9 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 –

22:1n9 9.54 ± 9.4 18.09 ± 33.0 6.00 ± 4.9 0.383

24:1 13.58 ± 20.1 6.84 ± 16.7 6.39 ± 8.9 0.615

Total MUFA 11038.03 ± 158.0 228.97 ± 400.1 1036.33 ± 176.4 0.189

PUFA

18:3n3 22.23 ± 6.2 24.61 ± 15.3 34.74 ± 10.8*,� 0.013

18:4n3 12.89 ± 8.6 8.80 ± 7.8 3.50 ± 3.6* 0.039
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Table 3 continued

Baseline CRD-SFA CRD-UFA ANOVA

20:3n3 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 –

20:4n3 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 –

20:5n3 31.14 ± 9.4 35.27 ± 22.4 151.52 ± 81.0*,� 0.000

22:5n3 4.23 ± 3.6 3.08 ± 3.7 1.85 ± 1.7 0.311

22:6n3 29.92 ± 9.2 28.29 ± 10.0 41.53 ± 9.3*,� 0.003

18:2n6 2846.45 ± 493.33 283.30 ± 862.9 3026.10 ± 464.9 0.140

18:3n6 45.83 ± 22.5 33.73 ± 12.7 20.67 ± 8.2* 0.029

20:2n6 2.40 ± 2.5 4.44 ± 5.8 1.35 ± 1.3 0.252

20:3n6 33.35 ± 11.1 33.40 ± 12.8 18.48 ± 5.8*,� 0.026

20:4n6 362.54 ± 97.3 502.29 ± 136.6* 381.07 ± 56.3� 0.007

22:4n6 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 0.252

22:5n6 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 –

20:3n9 3.59 ± 4.8 4.48 ± 4.6 0.76 ± 0.9 0.217

Total PUFA 3394.56 ± 586.7 3961.70 ± 1045.3 3681.58 ± 536.2 0.110

Total n3 100.41 ± 14.5 100.05 ± 43.8 233.14 ± 92.2*,� 0.000

Total n6 3290.56 ± 588.1 3857.17 ± 1010.6 3447.68 ± 483.1 0.094

n6/n3 33.65 ± 8.5 42.73 ± 12.0 16.61 ± 5.9*,� 0.000

AA/EPA 11.91 ± 2.9 19.06 ± 10.7 3.15 ± 1.5*,� 0.001

CE (mol%)

SFA

14:0 0.69 ± 0.12 0.79 ± 0.27 0.56 ± 0.20 0.086

15:0 0.20 ± 0.13 0.25 ± 0.13 0.18 ± 0.16 0.115

16:0 11.51 ± 0.80 11.52 ± 0.57 11.14 ± 0.39 0.381

18:0 1.97 ± 2.59 1.16 ± 0.23 1.00 ± 0.21 0.422

20:0 0.10 ± 0.09 0.16 ± 0.19 0.06 ± 0.09 0.280

22:0 0.01 ± 0.02 0.08 ± 0.13 0.05 ± 0.06 0.302

24:0 0.01 ± 0.01 0.02 ± 0.05 0.02 ± 0.03 0.680

Total SFA 14.49 ± 3.26 13.98 ± 0.90 13.02 ± 0.69 0.361

MUFA

14:1 0.01 ± 0.02 0.03 ± 0.04 0.03 ± 0.02 0.225

15:1 0.03 ± 0.07 0.02 ± 0.02 0.02 ± 0.03 0.764

16:1 2.30 ± 1.01 1.93 ± 0.22 1.57 ± 0.17 0.084

17:1 0.20 ± 0.04 0.26 ± 0.10 0.19 ± 0.02 0.129

18:1n9 16.68 ± 2.69 16.97 ± 1.54 16.74 ± 1.42 0.910

20:1n7 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 –

20:1n9 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 –

22:1n9 0.19 ± 0.19 0.27 ± 0.46 0.12 ± 0.10 0.460

24:1 0.27 ± 0.41 0.11 ± 0.28 0.12 ± 0.17 0.529

Total MUFA 19.68 ± 3.19 19.59 ± 1.19 18.80 ± 1.25 0.538

PUFA

18:3n3 0.42 ± 0.10 0.37 ± 0.16 0.62 ± 0.12*,� 0.000

18:4n3 0.25 ± 0.20 0.14 ± 0.11 0.06 ± 0.07* 0.022

20:3n3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 –

20:4n3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 –

20:5n3 0.59 ± 0.17 0.55 ± 0.32 2.70 ± 1.23*,� 0.000

22:5n3 0.08 ± 0.07 0.05 ± 0.06 0.03 ± 0.03 0.273

22:6n3 0.57 ± 0.20 0.46 ± 0.12 0.76 ± 0.18*,� 0.000

18:2n6 53.36 ± 6.44 53.04 ± 2.73 54.87 ± 1.91 0.591
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periods in this study significantly decreased TAG 16:1n-7,

suggesting that similar reductions in our previous experi-

ments using a hypocaloric CRD [3, 7], were a consequence

of carbohydrate restriction rather than calorie reduction or

weight loss. Lower 16:1n-7 also provides an explanation

for the lack of association between dietary and plasma SFA

since the 16:0 species is the primary product of fatty acid

synthesis. Parallel reduction in 16:0 and 16:1n-7 suggests

that stearoyl-CoA desaturase-1 (SCD-1), the enzyme

responsible for desaturating 16:0, was not down-regulated

independent of lipogenesis, since, in that case, the pro-

portion of 16:0 would be expected to rise. Increased plasma

levels of SFA and 16:1n-7 have been reported in obese

adolescents [31] and adults with MetSyn [32] and higher

16:1n-7 is associated with increased abdominal obesity,

lipogenesis, and hypertriglyceridemia [33, 34].

Highly Unsaturated Fatty Acids

The increase in PL ARA in weight stable men after the

CRD-SFA (order of 2 units expressed as mol%) is similar

to the previously reported effect in overweight men on a

hypocaloric diet [7] indicating that the latter was not due to

weight loss. Replacing SFA with unsaturated fat including

n-3 PUFA prevented the increase in plasma ARA, and also

resulted in a marked increase in plasma EPA and DHA,

likely a result of higher dietary intake on the CRD-UFA

(1.5 g vs. 0.4 g/day). Previous studies have shown close

association between dietary EPA and DHA and plasma

EPA and DHA [35]. Increased plasma ARA following

CRD-SFA may have resulted from less competition from

n-3 PUFA for preferential acyl incorporation into the sn-2

position of phospholipids [36]. Dietary intakes of ARA

were high in both CRD-UFA and CRD-SFA. Competition

among n-3 and n-6 PUFA at the level of desaturation and

chain elongation steps of fatty acid biosynthesis may also

be important.

An increase in phospholipid ARA mol% and PL ARA/

EPA ratio is commonly viewed as contributing to a pro-

inflammatory and pro-oxidative state. These effects fol-

lowing CRD-SFA, however, were not accompanied by

elevation of any of the inflammatory markers or 8-iso

PGF2a. Along these lines, a meta-analysis of 14 case–

control and prospective cohort studies found that increased

ARA in plasma PL or triglycerides was not associated with

coronary events [37], while a recent case-controlled study

of acute coronary syndrome (ACS) found a U-shaped

relationship between odds ratio for ACS and erythrocyte

ARA content [38]. Ferrucci L et al. [15] demonstrated and

inverse relation between plasma ARA and pro-inflamma-

tory markers, in agreement with the current study. A CRD

that resulted in an increased ARA/EPA ratio also decreased

C-reactive protein (CRP) [17]. A number of other studies

have failed to link increased ARA in plasma lipids with

deleterious outcomes [39–43]. The lack of association

between plasma PL ARA and plasma PL ARA/EPA ratio and

inflammation following CRD-SFA supports the idea that

ARA in plasma membranes is not pro-inflammatory, espe-

cially in the context of low dietary carbohydrate. In fact,

there was a trend (P \ 0.08) for an anti-inflammatory effect

on the adipocytokine leptin. Although leptin is not a classic

cytokine, several immune cells (including polymorphonu-

clear leukocytes, monocytes, macrophages and lympho-

cytes) have leptin receptors and their activity can be

modulated by leptin. Leptin has also been shown to stimulate

production of ROS by activated monocytes in vitro [44].

Table 3 continued

Baseline CRD-SFA CRD-UFA ANOVA

18:3n6 0.85 ± 0.35 0.55 ± 0.18 0.39 ± 0.16* 0.009

20:2n6 0.04 ± 0.05 0.07 ± 0.08 0.03 ± 0.02 0.376

20:3n6 0.62 ± 0.15 0.53 ± 0.08 0.35 ± 0.13*,� 0.003

20:4n6 6.75 ± 1.50 8.13 ± 0.83* 6.97 ± 1.04 0.045

22:4n6 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 –

22:5n6 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 –

20:3n9 0.06 ± 0.08 0.07 ± 0.07 0.01 ± 0.02 0.248

Total PUFA 63.60 ± 7.11 63.95 ± 2.74 66.79 ± 0.94 0.281

Total n3 1.91 ± 0.34 1.57 ± 0.46 4.18 ± 1.34*,� 0.000

Total n6 61.62 ± 7.40 62.31 ± 2.94 62.60 ± 1.69 0.903

n6/n3 33.65 ± 8.52 42.73 ± 11.98 16.61 ± 5.95*,� 0.000

AA/EPA 11.91 ± 2.93 19.06 ± 10.67 3.15 ± 1.49*,� 0.001

Values are means ± SD. Repeated measures ANOVA and Tukey post hoc

* P \ 0.05 from baseline
� P \ 0.05 from CRD-SFA
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Previous CRD investigations indicate significant reductions

in response to a low carbohydrate diet even when normal-

izing for changes in body or fat mass [3].

The isoprostane 8-iso PGF2a is a free radical-catalyzed

product of ARA measured as a general indicator of oxi-

dative stress [18]. We found no change in 8-iso PGF2a after

the CRD-SFA despite a significant increase in plasma

ARA. Similarly, a significant decrease in 8-iso PGF2a was

observed after the CRD-UFA where there was no change in

plasma ARA. The inverse correlation between changes in

plasma PL ARA and 8-iso PGF2a indicates better preser-

vation of ARA in response to a CRD. The fat sources in

this diet, olive oil and lipid from fish and liquid omega-3

eggs, may have contributed to lower urinary 8-iso PGF2a

following CRD-UFA. Urinary excretion has been shown to

be reduced by extra virgin olive oil [45], moderate fish oil

supplementation (3.6 g/d n-3 PUFA), [46] and one daily

fish meal (providing 3 g n-3 PUFA) reduced urinary

F2-isoprostane levels in dyslipidemic non-insulin-depen-

dent diabetic patients [47].

Insulin Resistance Syndrome

Saturated fatty acids are often implicated in the worsening

of insulin resistance [48], but the effect is contingent upon

the presence of ample carbohydrate. Carbohydrate restric-

tion in the presence of high saturated fat leads to

improvement in insulin sensitivity despite increased lipo-

lytic rates and release of fatty acids into the circulation

[49]. In the current study, the two subjects who had insulin

resistance at baseline improved after restricting carbohy-

drate. The TAG/HDL-C ratio is strongly correlated with

insulin resistance and levels [3.5 are indicative of

increased CVD risk [50]. All subjects showed TAG/HDL-C

values less than this value after the CRD consistent with

the HOMA-IR results. Carbohydrate restrictions thus

improved insulin sensitivity independent of dietary fatty

acid composition. Many factors can influence serum cho-

lesterol responses to saturated fat [51] including genetic

variations [52] and the current study showed high vari-

ability in LDL-C. Independent of LDL-C concentration,

however, individuals with a predominance of small LDL

particles (pattern B) have [threefold risk of CVD [53]. In

the current study, the variable LDL response was accom-

panied by uniform increase in LDL particle size.

Dietary Recommendations

The current findings further challenge the broad recom-

mendation to restrict saturated fat especially since those

calories are likely to be replaced with carbohydrate. The

many factors that contribute to the relation of fat intake and

fatty acid composition have been reviewed [54], and our

results emphasize the substantial impact of a low carbo-

hydrate intake in regulating the connection between dietary

and plasma SFA. A higher saturated fat intake can be

efficiently metabolized in the presence of low carbohydrate

and lead to consistent improvements in markers of CVD

risk. Whereas studies of benefits of carbohydrate restriction

are rarely cited in the literature, responses of even a single

meal high in saturated fat are taken as convincing evidence

even if done in the presence of high carbohydrate. Ulti-

mately, however, long term studies show that replacement

of saturated fat with carbohydrate is at best neutral [55, 56].

Persistence of recommendations in the face of continued

failure of large trials to show an effect of saturated fat

remains one of the strange anomalies in current medical

science.

Substitution of a portion of the SFA within a CRD with

UFA including a combination of both MUFA and n-6 and

n-3 PUFA had a profound effect on plasma fatty acid

composition, reduced oxidative stress, but did not alter the

positive effects on features of metabolic syndrome (e.g.,

insulin, TAG, LDL particle size). As low carbohydrate

diets become more widely prescribed and used, it will be

important to determine the range of dietary fatty acids most

conducive to improving long-term health. Our results point

to a suitable diet that had an emphasis on low carbohydrate

foods with fat sources emphasizing MUFA and n-3 PUFA

(e.g., omega-3 eggs, avocado, salmon, sardines, meat,

poultry, olive oil, canola oil, nuts and seeds) although

there was little if any detriment in a higher saturated fat

approach.
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Abstract In this paper, we report the full-length coding

sequence of bovine ATGL cDNA and analyze its expres-

sion in bovine tissues. Similar to human, mouse, and pig

ATGL sequences, bovine ATGL has a highly conserved

patatin domain that is necessary for lipolytic function in

mice and humans. This suggests that ATGL is functionally

intact as a triglyceride lipase in cattle. Tissue distribution

of ATGL gene expression was highest in fat and muscle

(skeletal and cardiac) tissue, while protein expression was

solely detectible in the adipose tissue. The effect of

109 days of flaxseed supplementation on ATGL and

adipocyte fatty acid-binding protein (FABP4 or A-FABP,

E-FABP or FABP5) expression was examined in Angus

steers. Supplemented steers had greater triacylglycerol

(TAG) content in the muscle compared with unsupple-

mented ones. Additionally, supplementation increased

A-FABP expression and decreased stearoyl-CoA desatur-

ase 1 (SCD-1) expression in muscle, while total ATGL

expression was unaffected. In summary, supplementation

of cattle rations with flaxseed increased muscle TAG

concentrations attributed in part to increased expression of

key enzymes involved in lipid trafficking (A-FABP) and

metabolism (SCD-1).

Keywords Lipolysis � Adipose triglyceride lipase �
Bovine � Flaxseed
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Introduction

Altering the fatty acid composition of beef products for

human consumption adds value, creating a functional food

which may enhance the overall health of meat-consuming

individuals. In the Western diet, the consumption of n-3

fatty acids via dietary intake is low because of relatively

low rates of fish consumption and the industrial production

of animal feeds rich in grains containing n-6 fatty acids,

leading to production of meat rich in n-6 and low in n-3

fatty acids [1]. In addition, it is important to mention that

beef fat has a high degree of saturation due to the biohy-

drogenation of unsaturated dietary fatty acids by rumen

microorganisms, though there is a variation in the n-6/n-3

ratio between breeds and production systems. It has been

demonstrated that feeding diets high in flaxseed increases

n-3 fatty acid content in beef and poultry [2–4]. We have

previously shown that n-3 levels in Angus beef increased

from 27 to 45 mg per 100 g [2]. The acceptable macro-

nutrient distribution range set by the National Academy of

Sciences, Institute of Medicine, Food and Nutrition Board

in 2005 for total n-3 fatty acids is 0.6–1.2% of energy,

1.3–2.6 g for a person consuming 2,000 kilocalories per

day. Studies indicate that in humans, a high intake of n-6

fatty acids shifts the physiologic state to one that is pro-

thrombotic and proaggregatory, characterized by increases

in blood viscosity and vasoconstriction, and reduced

bleeding time, while high intake of n-3 fatty acids have

anti-inflammatory, anti-thrombotic, anti-hypertensive, and

anti-arrhythmic properties, while also improving arterial

compliance, vasodilation, and serum lipid profiles [5–8].

The average Western diet has an n-6 to n-3 fatty acid ratio

of approximately 20–30:1 [5], hence large scale production

of n-3 enriched meats would provide alternative sources of

n-3 fatty acids for consumers.

Supplementation with flaxseed changes not only the

fatty acid composition of skeletal muscle of Angus steers

[2], but may also affect lipid metabolism within the muscle

altering total fat concentration. Because dietary n-3 fatty

acids increase the expression of PPARc in flax-supple-

mented cattle [2], the impact of this dietary regimen on the

expression of adipose triglyceride lipase (ATGL) and on

adipocyte fatty acid-binding protein (A-FABP, FABP-4)

was examined in this study. ATGL is a newly discovered

lipase which hydrolyzes the first ester bond of stored tria-

cylglycerols, releasing nonesterified free fatty acids [9]. It

is associated with lipid droplets and is found at high con-

centrations in adipose tissue, though it is present in tissues

with lipid stores [10]. ATGL activity is required for PKA-

stimulated fatty acid and glycerol release in murine

embryonic fibroblast adipocytes [11] and is the rate-limit-

ing step in hormone-induced lipolysis [9, 12]. The product,

diacylglycerol, is then hydrolyzed by activated hormone

sensitive lipase (HSL), which has a higher substrate affinity

for diacylglycerol than triacylglycerol (TAG) [12]. A direct

interaction between A-FABP and HSL promotes the

hydrolysis of lipid droplet stored TAG, thus it is thought

that A-FABP may be involved in fatty acid trafficking from

the lipid droplet to the adipocyte membrane where the fatty

acid leaves the cell [13, 14]. Thus, ATGL, HSL, and

A-FABP work in concert to mobilize esterified fatty acids

stores from lipid storing tissues, although the impact of n-3

fatty acid supplementation on expression of these key

proteins in cattle is not fully characterized.

To address this question, we examined the expression of

these proteins in longissimus muscle of Angus steers fin-

ished on a diet containing flaxseed rations. In addition,

while the sequences of ATGL for mouse, swine, human,

and avian species are known [9, 15, 16], the sequence of

bovine ATGL and its response to dietary manipulation is

not known. Herein, we report for the first time the sequence

for bovine ATGL and characterize ATGL gene expression

in cattle. We also demonstrate that ATGL gene expression

was not influenced by dietary n-3 fatty acids in cattle,

although the expression of A-FABP was increased, con-

sistent with our previous work demonstrating an increase in

PPARc expression in these cattle [2].

Materials and Methods

Feeding Regimen for Angus Cattle

The experimental methods for the feeding of Angus steers

were described in our previous report [2]. Briefly, 20 Angus

steers that were 16 months old with a mean body weight of

414 kg (SD = 39 kg) at the start of the study were divided

into two groups: flaxseed supplement (907 g/day) and

control groups (10 steers per group). The basal diet of the

grazing steers was forage during the first 2.5 months of the

trial, then a combination of forage and concentrate for the

next month and primarily concentrate for the final month

[2]. Intake of feedstuffs for the basal diet of grazing steers

was ad libitum and the percentage of their diet from flaxseed

(907 g/day for final 107 days of supplementation) was

therefore not determined. At the end of the flaxseed sup-

plementation period, the steers were slaughtered and cross-

sectional pieces of longissimus dorsi muscles (ribeye steaks)

between the 12th and 13th ribs were collected from each

carcass. Muscle tissues were stored at -80�C for later use.

Four Angus cattle with about 460 kg of body weight

(*550 day old) were euthanized by captive bolt stunning

and exsanguination at the Ohio State University’s Meat

Science Laboratory located in the Department of Animal

Sciences, Columbus, OH, USA. Adipose tissue, heart,

muscle, lung, liver, and kidney were collected immediately
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after euthanization, snap-frozen in liquid nitrogen and

stored at -80�C before total RNA and protein isolations to

examine tissue distribution of ATGL expression. Animal

care and procedures were approved by the OSU Institu-

tional Animal Care and Use Committee.

RNA Isolation

RNA was isolated from bovine tissue samples using Tri-

zolTM (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instructions. RNA quality was assessed by

agarose gel electrophoresis. Approximately 1 lg of total

RNA was reverse transcribed according to the manufac-

turer’s instructions (Invitrogen Life Technologies—

M-MLV reverse transcriptase).

Cloning of Bovine ATGL

Subcutaneous dorsal back adipose (100 mg) was sampled

within 3 min of euthanization, snap-frozen in liquid

nitrogen, and stored at -80�C before total RNA isolation.

Complementary DNA from subcutaneous adipose tissue of

Angus cattle was used as a template for PCR. Primers were

designed according to several partial bovine DNA

sequences that contain conserved sequence homology

among human (Genbank accession numbers: AY894804,

NM_020376) and mouse (AJ278476, AK031609) sequen-

ces. A MJ Research PTC-200 thermal cycler (MJ Research

Inc., South San Francisco, CA, USA) and DNA Taq

polymerase (Invitrogen) were used for all PCR. The PCR

products were separated by electrophoresis on a 1% aga-

rose gel and the appropriate band(s) excised and gel

extracted using the Qiagen Gel Extraction kit (Qiagen,

Alameda City, CA, USA). The product was then ligated to

the pCR 2.1-TOPO vector using the TOPO TA Cloning Kit

(Invitrogen). Positive clones were sequenced by The Ohio

State University sequencing core facility using an Applied

Biosystems 3730 DNA Analyzer (Foster City, CA, USA).

The resulting sequences confirmed bovine ATGL by

homology to the mouse, human, and pig and by identifi-

cation of characteristic enzyme domains. Real-time prim-

ers were then designed to measure ATGL gene expression

(‘‘F2’’ 50-GTGGACGGTGGCATCTCAGA-30, ‘‘R2’’ 50-TA

CAGGGATGGCCTCCGCTT-30). Primers were designed to

span genomic introns, thus allowing for detection of geno-

mic DNA contamination. PCR using F2/R2 primers were

optimized for use in real-time PCR.

Quantitative Real-Time PCR Detection of Total Gene

Expression

Real-time PCR was performed using SYBR green I

nucleic acid dye (Molecular Probes Invitrogen detection

technologies) on an ABI 7300 (Applied Biosystems).

AmpliTaq GoldTM (Applied Biosystems) was used in all

real-time reactions as was the following thermal profile:

95�C 10 m, 40 cycles of 94�C 30 s, 58�C 60 s, 82�C 30 s.

The CT values for the internal control (cyclophilin) and

target genes, as determined by the ABI software, were used

to calculate gene expression using the 2-DDCt method. All

target genes were normalized to cyclophilin and changes

were calculated as relative fold-change to cyclophilin.

Randomly selected samples from all real-time runs were

resolved by agarose gel electrophoresis to ensure the

amplification of one product. In addition, dissociation/

melting curves yielded single peaks, indicating a single

product with lack of primer dimers or genomic DNA con-

tamination. ‘‘No template’’ negative controls were included

in all PCR to detect contamination. Primer sequences used

for the quantitative real-time PCR are shown in Table 1.

Protein Isolation and Immunoblotting

Approximately 80 mg of tissue was homogenized in 800 ll

of lysis buffer (1% Triton X-100, 150 mM NaCl, 20 mM

HEPES pH 7.5, 10% glycerol, 1 mM EDTA, 100 mM

NaF, 100 lM sodium orthovanadate, 1 mM PMSF, and

10 lL/mL protease inhibitor cocktail (Sigma–Aldrich,

P8340). The protein content of cell lysate was determined

using the bicinchoninic acid (BCA) Protein Assay Kit

(Pierce Chemical Co., Rockfold, IL, USA). Samples were

separated by SDS-PAGE using the mini-Protean system

(Bio-RadHer). The protein was wet-transferred to a PVDF

membrane (Amersham Biosciences Hybond-PTM), blocked

in 5% non-fat dry milk in 1x-TBST (0.1% Tween 20) and

incubated overnight at 4�C with primary antibody (1:3,000)

specific to ATGL (Cell Signaling Technology, Inc.,

Danvers. MA, USA) in 5% non-fat dry milk. After washing

in 1x-TBST, blots were incubated with the appropriated

HRP-conjugated secondary antibody for 1 h at room tem-

perature. Blots were washed before addition of ECL plusTM

(Amersham Biosciences) and bands were detected with

HyperfilmTM (Amersham Biosciences).

Analysis of Triacylglycerol Mass

Samples were taken from visibly lean portions of frozen

ribeye steak and immersed in liquid nitrogen. These sam-

ples were then pulverized at liquid nitrogen temperatures

to a fine homogeneous powder. Pulverized muscle tissue

from flaxseed-supplemented and non-supplemented Angus

steers was weighed, homogenized in hexane: 2-propanol

(3:2 by vol) using a Polytron tissue homogenizer, and the

lipids were extracted [17]. The samples were subjected to

centrifugation (2,750g, 4�C, 10 min) and the lipid con-

taining solvent removed from the pellet. The samples were
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reduced in volume using nitrogen evaporation and the lipid

redissolved in a known volume of hexane:2-propanol (3:2

by vol). To analyze TAG mass, the samples were quanti-

tatively applied to a thin layer chromatography plate (silica

gel G, Analtech, Newark, DE, USA) and the neutral lipids

separated using petroleum ether:diethyl ether:acetic acid

(75:25:1.3 by vol). This method separates TAG from

cholesteryl esters as well as from other neutral lipids, such

as cholesterol and unesterified fatty acids [8]. The TAG

was removed from the plate by scrapping and the sample

placed into an acid-washed test tube to which concentrated

sulfuric acid was added [18]. The tube was heated at 200�C

for 15 min in a heating block and the sample subjected to

centrifugation (2,500 g for 10 min) to pellet the silica. The

absorbance at 375 nm was measured in a quartz cuvette

using a Beckman DU-640 spectrophotometer (Fullerton,

CA, USA). Absorbance was converted to mass using trio-

lein glycerol (MW 882, Nuchek Prep, Elysian, MN, USA)

and the values are expressed as lg/g wet weight (ww).

Bioinformatics, Sequence Analysis, and Statistical

Analysis

Bioinformatics and sequence analysis were performed as

previously described [11]. The sequence Scanner (v 1.0)

was used to generate the chromatogram of cloned bovine

ATGL cDNA by using Applied Biosystems genetic ana-

lyzer instruments. ATGL nucleotide and putative protein

sequences of pig [15] and avian [16] were already reported

and used for sequence analysis and comparison. Mouse and

human ATGL nucleotide and putative protein sequences

were obtained from NCBI. The alignment and comparison

of nucleotide or protein sequences were done using Clu-

stalX and GeneDocTM software. The phylogenic tree was

constructed by CLUSTAL W (Version 1.83) and MEGA 4

software (neighbor joining method) [19] using the putative

ATGL protein sequences of various species. The neighbor

joining method is a simplified version of the minimum

evolution (ME) method using distance measures to correct

for multiple hits at the same sites, and chooses a topology

showing the smallest value of the sum of all branches as an

estimate of the correct tree [19].

With the exception of the phylogenic branch lengths, all

results are presented as mean ± SEM. Comparison of two

means was accomplished by a Student’s t test at P B 0.05

and 0.01. Comparisons among gene expression data were

performed using one-way analysis of variance (ANOVA)

followed by the Tukey’s test at P B 0.05. Statistical

analysis was performed using Minitab software (version

15.0).

Results

We identified several partial bovine DNA sequences in The

Institute for Genomic Research (TIGR) database that were

homologous to the human ATGL sequence. Primers were

designed based on these sequences to clone a full length

sequence of bovine ATGL. Soon after we cloned this

sequence, another group submitted a bovine ATGL

Table 1 Primer sequences for

quantitative real-time

polymerase chain reaction

ATGL adipose triglyceride

lipase, LPL lipoprotein lipase,

HSL hormone sensitive lipase,

CYC cyclophilin, A- or E-FABP
adipocyte- or epidermal-fatty

acid binding protein, SCD-1

stearoyl-CoA desaturase (delta-

9-desaturase), F forward,

R reverse

Primer Sequence Product

size (bp)

GenBank

accession #

ATGL-F1 50-CCGCGATGTTCCCCAAGGAGA-30 742 FJ897536

50-AAGCGGAGGCCATCCCTGTA-30ATGL-R1

ATGL-F2 50-GTGGACGGTGGCATCTCAGA-30 983 FJ897536

50-CCTTAGCAAGGGGGCGAGCT-30ATGL-R2

ATGL-F2 50-GTGGACGGTGGCATCTCAGA-30 251 FJ897536

50-AAGCGGAGGCCATCCCTGTA-30ATGL-R1

LPL-F 50-ACTGTGGCTGAGAGCGAGAACA-30 310 NM_001075120

50-TATTCAGGGACTTGTCATGGCAT-30LPL-R

HSL-F 50-AGTCCCACCTGAAATCAGTGT-30 226 NM_001080220

HSL-F 50-CCAAGTAAGAAGTTGATGGTT-30

CYC-F 50-GTGGTCATCGGTCTCTTTGG-30 184 NM_174152

50-CACCGTAGATGCTCTTACCTC-30CYC-R

A-FABP-F 50-CAGTGAAAACTTTGATGATTA-30 191 NM_174314

50-CTGGAGTGATTTCATCAAATT-30A-FABP-R

SCD-1-F 50-AAGAGCCGAGAAGCTGGTGAT-30 362 AY241933

50-AATCAATGA AGAACGTGGTAAA-30SCD-1-R

E-FABP-F 50-GAGAAGTTTGAAGAGACCACAGCTG-30 248 NM_174315.3

50-AGCTTGTTCATCCTCGCAGCT-30E-FABP-R
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sequence to Genbank (XM_864571). Our sequence

(Genbank FJ897536) and XM_864571 are identical except

for a 1 bp mismatch which does not result in an altered

amino acid sequence and may represent a polymorphism

within the gene. Bovine and porcine ATGL share a

great deal of homology. Like porcine ATGL, computer-

generated translation analysis of the bovine ATGL cDNA

yielded open reading frames of 486 aa (Fig. 1). In addition,

there were additions of 3 aa (278–280) and deletions of

5 aa (467–471) in both cattle and pigs compared to human

ATGL. Phylogenic analysis revealed that bovine and por-

cine ATGL proteins share greater homology to human than

to mouse, quail, chicken, or turkey (Fig. 2). Bovine ATGL

coding sequence has a 90% sequence homology to the

human sequence (AY894804). The first 180 aa of the

ATGL protein represent the patatin domain which is

Fig. 1 Amino acid sequence

alignment of cow, human, and

mouse ATGL. Black shading
indicates identical aa and gray
shading indicates aa in the same

R groups. The 10–180 aa at the

N-terminal indicated as the

filled arrows were identified as a

patatin domain in the Pfam

protein family data base. The

conserved glycine-rich motif

(GXGXXG) and the serine

hydrolase motif (GXSXG) are

shown at the N-terminus. The aa

(310–400) indicated as unfilled
arrows are hydrophobic domain
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responsible for the lipolytic activity of ATGL (Fig. 1). The

hydrophobic domain indicated in open arrows (310–398

aa) is conserved across human, cattle, pig, and mouse

sequences with significant interspecies variations only

occurring up and downstream of the domain.

ATGL gene expression in analyzed tissues revealed that

the cardiac and skeletal muscle exhibited higher expression

than the subcutaneous adipose tissue (Fig. 3). This may be

unique to cattle, as expression of this gene in mouse and

pig is highest in subcutaneous adipose tissue [15].

Expression in the spleen, lung, kidney, and liver were many

fold lower than heart, muscle or adipose (Fig. 3).

To compare relative amounts of ATGL protein in dif-

ferent tissues, Western blot analysis for ATGL protein was

performed using antibodies that recognize a conserved

sequence around Pro186 of human ATGL. The molecular

weight of ATGL protein as calculated by the Protein

Molecular Weight program in Sequence Manipulation

Suite [20] showed that mouse ATGL (486 aa) is

53.66 kDa, cattle (486 aa) is 53.35 kDa, chicken ATGL

(483 aa) is 53.59 kDa, and pig ATGL (486 aa) is

53.19 kDa. Western blot analysis showed a single band

(53 kDa) of ATGL proteins for the mouse, cattle, chicken,

and pig (Fig. 4a), which is consistent with predicted

molecular weights of ATGL. Therefore, we concluded that

the antibodies were usable for the study of bovine ATGL

protein expression. Western blot analysis for tissue distri-

bution of ATGL protein showed that a strong single band

of the expected size of the bovine ATGL protein was

detected in adipose tissues, but other tissues expressed very

low amounts of ATGL protein in cattle (Fig. 4b). When the

membrane was probed with adipocyte-fatty acid-binding

protein (A-FABP) antibody, A-FABP was detected only in

adipose tissue at a short exposure time. Due to variation in

amount of beta-actin among different tissues, Coomassie

staining was assessed to verify similar amounts of protein

loading among samples.

In order to determine if flaxseed supplementation (FS)

altered muscle TAG mass, we analyzed the TAG content in

the skeletal muscle. We found that the FS group exhibited a

Fig. 2 A phylogenetic analysis of ATGL protein. A phylogenetic tree

was constructed to determine the evolutionary relationship of ATGL

proteins among various species. Mammalian ATGL proteins form a

hierarchical structure distinct from the avian cluster demonstrating

relatedness of the species by ATGL sequence. The values, represent-

ing branch lengths, are determined by the neighbor joining algorithm

(see ‘‘Materials and Methods’’)

Fig. 3 Tissue distribution of bovine ATGL gene expression. Total

RNA was isolated from various bovine tissues. The mRNA expres-

sion of bovine ATGL gene was determined by quantitative real-time

RT-PCR and expressed as a ratio to cyclophilin expression. Data

reported as means ± SEM (n = 4)

A-FABP

Coomassie 
Staining

ATGL

ATGL

A-FABP

A

B

F  H  M     S Lu Li  K

β-actin

Fig. 4 The predominant expressions of adipose triglyceride lipase

(ATGL) protein in bovine tissues. a Protein lysates from adipose

tissues of mouse, cattle, chicken, and pig were separated by SDS-

PAGE and immunoprobed with the ATGL antibodies as described in

‘‘Materials and Methods’’. The same protein lysates were subjected to

Western blot analysis for A-FABP protein. b-actin was used as an

internal control. b Equal amount of protein extracted from the

subcutaneous adipose tissue (F), heart (H), muscle (M), spleen (S),

lung (Lu), liver (Li), and kidney (K) were separated by SDS-PAGE

and bovine ATGL protein was determined by Western blot analysis.

The same protein lysates were also subjected to Western blot analysis

for A-FABP protein. Commassie staining was assessed to verify

similar levels of protein loading between samples
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significant (P \ 0.05) 1.5-fold increase in TAG per g of

tissue over the control group (Fig. 5). This increase in TAG

content was not the result of a net gain in lipid synthesis as

the total phospholipid mass was not significantly different

between groups (4.1 ± 0.4 nmol/g ww in control vs.

4.7 ± 0.6 nmol/g ww in FS group). Thus, the increased

TAG content was due to not only synthesis, but also to

accretion of dietary fatty acids.

To better understand how flaxseed supplementation

specifically modulates TAG content, we focused on the

expression of pertinent genes involved with fatty acid

metabolism within the skeletal muscle. We found that

flaxseed supplementation did not affect ATGL gene

expression and protein content in skeletal muscle of the

steers compared to control animals (Fig. 6a, b) when nor-

malized to housekeeping genes/loading controls. Gene

expression of HSL and lipoprotein lipase in the muscle

were also unaffected by flaxseed supplementation. How-

ever, we examined the expression of adipose specific fatty

acid binding proteins (A-FABP and E-FABP) as possible

molecular indicators for increased muscle TAG accumu-

lation. Both A-FABP and E-FABP were examined as these

proteins are found in the adipocyte; In the A-FABP gen-

e-ablated mouse, E-FABP expression demonstrates a

compensatory increase in its expression [21]. A-FABP

significantly (P \ 0.05) increased with flaxseed supple-

mentation (Fig. 6d), while E-FABP expression was

unaltered (Fig. 6e). Stearoyl-CoA desaturase-1 (SCD-1)

expression, the rate limiting enzyme catalyzing the desat-

uration of saturated fatty acids, was significantly

(P \ 0.05) decreased in muscle tissue by flaxseed supple-

mentation (P B 0.05) (Fig. 6g).

Discussion

In this study, we cloned the cDNA encoding for bovine

ATGL and compared its amino acid sequence with other

species to determine interspecies variations and to examine

interspecies conservation of lipase enzyme motifs. Com-

parison analysis of amino acid sequences of putative cattle

ATGL protein with mouse, human, and pig revealed that

two major domains; a patatin domain (1–180) and a

hydrophobic domain (309–396) are conserved in these

mammals. In the patatin domains, the active serine

hydrolase motif (GXSXG) was GASAG and the glycine-

rich motif (GXGXXG) was GCGFLG in all four species

compared. These motives are conserved from yeast to

mammals [22], suggesting functional importance for
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Fig. 5 Triacylglycerols (TAG) contents in the longissimus muscle of

Angus steers with or without supplemental flaxseed. TAG content is

reported as mg of TAG per g of wet weight (n = 7)
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Fig. 6 Expression of genes involved in lipid metabolism in the

longissimus muscle of Angus steers with or without supplemental

flaxseed. Expression of ATGL (a), HSL (c), A-FABP (d), E-FABP

(e), LPL (f), and SCD-1 (g) genes were measured by quantitative real-

time PCR (n = 9–10). * Mean differences (P \ 0.05). b The protein

lysates were subjected to Western blot analysis for ATGL protein.

a-tubulin was used as an internal control
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ATGL activity across species. The hydrophobic domain of

ATGL is responsible for the localization of ATGL protein

on the surface of lipid droplets called the adiposome [23].

Point mutations and deletion of the hydrophobic domain in

the human population cause neutral lipid storage disorder

with cardiomyopathy due to inability of mutant ATGL to

access the TAG substrate stored in the adiposomes [23].

However, mutations of the ATGL protein at the hydro-

phobic domain maintained lipase activities [23]. Conser-

vation of two important domains in bovine ATGL suggests

the evolutionary importance in maintaining the lipase

activities as well as association with the surface of the

adiposome.

ATGL is associated with the lipid droplet [10]. There-

fore, it is logical to assume that tissues with a greater

abundance of accumulated TAG, and thus a larger lipid

droplet, will have increased expression of ATGL as seen in

tissue distribution (Fig. 3). High relative expression of

ATGL in adipose tissue is consistent with expression in

mice; however, ATGL gene expression in cattle skeletal

muscle seems to be high relative to most tissues tested, a

pattern that was also observed in pig [15, 24]. Although

ATGL gene expression in muscle was high, ATGL protein

was not. The reasons for this observation are unclear;

however, it might be explained by differences in translation

efficiencies or degradation rates among the tissues. Again,

this pattern is also observed in pig [15]. Cattle muscle

ATGL expression is probably due to the presence of lipid

droplets (adiposomes) in the myocytes within the muscle

fibers themselves, as well as the presence of intramuscular

adipocytes. Recent studies have shown that the disruption

of the ATGL gene in mice and mutations of ATGL gene in

the human resulted in excessive lipid accumulation in the

muscle and heart, causing myocardial dysfunction [23, 25].

Recent studies showing the negative association of intra-

muscular fat with ATGL expression strongly suggest the

involvement of ATGL in lipid metabolism in muscle

[26, 27].

Others have shown that flaxseed supplementation during

the finishing stage of beef cattle improved carcass quality

with increased marbling scores (amount of intramuscular

fat) and percentage of carcasses grading USDA Choice or

greater [4, 28]. Increased TAG contents in the muscle of

Angus beef cattle in the current study agree with these

previous studies. The amount of TAG in the muscle can be

largely attributed to intramuscular adipocytes with a minor

contribution from lipid droplets within myofibers [29].

Therefore, increased TAG content in the muscle by flax-

seed supplementation may be due to hypertrophy and/or

hyperplasia of intramuscular adipocytes. A-FABP, an adi-

pogenic marker, is expressed during adipocyte differenti-

ation and maturation [30]. In fact, increased A-FABP

expression is associated with increased marbling in cattle

and increased TAG content [31], similar to what we have

reported herein. In addition, elevated A-FABP expression

is associated with increased intramuscular fat content in

ducks [32], chickens [33, 34], and hogs [35, 36], suggesting

that it is a broad biomarker for increased intramuscular fat

deposition. Increased A-FABP expression in the muscle by

flaxseed supplementation further supports the supposition

that increased TAG is associated with increased adipogenic

activities in the muscle.

PPARc is a major transcription factor, promoting adi-

pogenesis [30]. Our previous study showed that flaxseed

supplementation in Angus steers increased PPARc mRNA

expression by 2.7-fold in the muscle compared with the

control [2]. Comparative analysis of mammalian A-FABP

promoters revealed that two PPAR binding sites are con-

served in A-FABP promoters in mammals, including

human, mouse, dog, pig, and cattle, and that PPAR agonists

are strong transcription activators of A-FABP genes in

mammals [37, 38]. Therefore, because A-FABP is a puta-

tive PPARc-regulated gene, the effects of n-3 PUFA,

alpha-linolenic acid on A-FABP expression may be

attributable to PPAR agonism. This conclusion is sup-

ported by the findings that the n-3 long chain fatty acids

alpha-linolenic acid and docosahexaenoic acids [39] as

well as synthetic PPAR agonists (thiazolidinedione/glita-

zone class of compounds) acting as PPARc ligands mod-

ulate PPAR binding activity, regulating expression of

responsive genes. There is also evidence that A-FABP

plays a role in regulating PPARc activity by binding

PPARc directly and by channeling fatty acid ligands

directly to PPARc [40]. These findings support a role for

regulation of a FABP-PPAR axis by dietary fatty acid

ligands. Also, it should be noted that PPARc activation in

muscle cells of mouse, pigs, cattle, and humans results in

transdifferentiation to adipocytes [41–46]. It is important to

note that PPARc expression is significantly elevated in

these same cattle [2], consistent with the elevated expres-

sion of A-FABP. Thus, it is possible that enhancement of

PPARc activation/expression in the muscle by flaxseed

supplementation may increase adipogenic activities as

evidenced by increased TAG concentration and A-FABP

expression.

Higher gene expression of ATGL was found in the

adipocyte fraction in mice, pigs, and chickens compared to

the stromal-vascular fraction which is partially composed

of preadipocytes [15, 16, 47]. Localization of ATGL pro-

tein on the surface of lipid droplets and induction of ATGL

expression during adipocyte differentiation further indicate

association of ATGL expression with TAG content [10,

47]. In the current study, TAG content and A-FABP gene

expression increased in the muscle with flaxseed supple-

mentation, although ATGL expression was not different

between groups. If ATGL expression were normalized to
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TAG content, then ATGL expression would be lower in the

FS group than the control. Though A-FABP is known to

bind to HSL [13, 14, 48], we did not observe a difference in

HSL gene expression between groups. A-FABP has an

important role in modulating HSL activity by acting as a

chaperone protein and directing HSL to the lipid droplet

[14] where it may have a role in fatty acid efflux from the

lipid droplet and out of the adipocyte. However, it is

important to note that elevated A-FABP expression did not

result in a change in muscle tissue E-FABP expression

(Fig. 6d, e), though in A-FABP gene-ablated mice there

was a compensatory increase in E-FABP expression [21].

In addition, muscle tissue H-FABP expression was not

enhanced by dietary flaxseed supplementation [2], indi-

cating that the elevation of A-FABP expression following

flaxseed supplementation is specific to A-FABP and does

not result in the overall increased expression of FABP

found in muscle tissue. Hence, A-FABP is an important

regulator of adipocyte lipid metabolism and is a consistent

marker across species for intramuscular fat deposition,

which is consistent with our results.

SCD-1 is a lipogenic enzyme that catalyzes desaturation

resulting in the synthesis of monounsaturated fatty acids.

SCD-1 gene expression is largely controlled by the tran-

scription factors PPARa and SREBP-1c [49, 50]. Dietary

PUFA decreases the expression of SCD-1 in the liver and

adipose of diabetic mice [51, 52], which is consistent with

our observations. More applicably, supplementation of beef

cattle with n-3 PUFA in the form of fish oil also decreases

SCD-1 mRNA expression in the muscle [53]. Archibeque

et al. [54] reported that flaxseed supplementation at 10% of

daily dry matter intake, which amounted to 1,096 g/day

compared to 907 g/day for the present study, did not affect

SCD-1 enzyme activities in the muscle of Angus steers;

however, they did not report fatty acid composition or

content of muscle. Herein, we demonstrate reduction of

SCD-1 mRNA expression in skeletal muscle by flaxseed

supplementation. This reduction is further supported by a

40% reduction in oleic acid content, the end product of

SCD-1 enzyme aczivity, in the muscle of Angus beef with

flaxseed supplementation [2], thereby mechanistically

accounting for our previous observations in these cattle.

Therefore, our data indicate that flaxseed supplementation

decreases oleic acid content in the muscle via a reduction

in SCD-1 expression.

In summary, bovine ATGL cDNA was cloned and

sequenced for the first time. We showed that expression of

bovine ATGL protein is adipose tissue specific among

various tissues. Comparative analysis revealed that bovine

ATGL protein also contained two conserved domains that

are important for ATGL functioning. Flaxseed supple-

mentation for approximately 3.5 months before slaughter

increased muscle TAG concentration in Angus steers

compared to unsupplemented animals. We attribute the

increased muscle TAG content in part to the effects of

flaxseed supplementation-derived alpha-linolenic acid on

A-FABP expression via PPARc agonism and our previ-

ously reported finding of elevated PPARc expression.

Although flaxseed supplementation did not alter expression

of HSL or ATGL, it did decrease the expression of SCD-1,

consistent with a reduction in oleic acid content in these

cattle [2]. Flaxseed supplementation may have beneficial

effects on marbling characteristics due to the altered

expression of key genes associated with marbling in cattle

and TAG content.
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Abstract This study investigates the effect of various

dietary saturated fatty acid (SFA) profiles on plasma lipid

parameters and tissue fatty acid composition in rats. The

experiment was designed to monitor polyunsaturated fatty

acids (PUFA) levels, while examining different amounts

and types of SFA. Four isocaloric diets were prepared,

containing 10–11 mol% of fatty acids (FA) as linoleic acid

(LNA) and 2.5 mol% as a-linolenic acid (ALA), leading to

an identical and well-balanced LNA/ALA ratio. The initial

rapeseed oil/corn oil mixture providing ALA and LNA was

enriched with olive oil to prepare the olive oil diet. The

butterfat diet was supplemented with butterfat, containing

short-chain SFA (C4:0–C10:0, 17 mol% of FA), lauric acid

(C12:0, 3.2 mol%), myristic acid (C14:0, 10.5 mol%) and

palmitic acid (C16:0, 14.5 mol%). The saturates diet was

supplemented with trilaurin, trimyristin and tripalmitin to

obtain the same level of lauric, myristic and palmitic acids

as the butterfat diet, without the short-chain SFA. The

trimyristin diet was enriched with trimyristin only. The

results showed that the butterfat diet contributed to specific

effects, compared to the olive oil diet and the saturates and

trimyristin diets: a decrease in plasma total, LDL- and

HDL-cholesterol, higher tissue storage of ALA and LNA,

and a higher level of (n-3) highly unsaturated fatty acids

in some tissues. This study supports the hypothesis that

in diets with identical well-balanced LNA/ALA ratios,

short chain SFA may decrease circulating cholesterol

and increase tissue polyunsaturated fatty acid content in the

rat.

Keywords Dietary saturated fatty acids �
Plasma cholesterol � (n-3) Polyunsaturated fatty acids � Rat

Abbreviations

ALA a-Linolenic acid

ARA Arachidonic acid

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

EPA Eicosapentaenoic acid

FA Fatty acid(s)

HUFA Highly unsaturated fatty acids

LNA Linoleic acid

PL Phospholipids

PUFA Polyunsaturated fatty acids

SFA Saturated fatty acids

TAG Triacylglycerol(s)

Introduction

Observational studies have shown that a high intake (more

than 15% of daily energy intake) of saturated fatty acids

(SFA) is positively associated with increased levels of

blood cholesterol and high coronary heart disease mor-

tality rates [1, 2]. Dietary SFA are therefore usually

associated with negative consequences for human health.

However, a recent meta-analysis of prospective epidemi-

ologic studies suggested that there is no significant

evidence for concluding that dietary saturated fat is
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associated with increased risk of coronary heart disease or

cardiovascular disease [3]. In addition, several other recent

works have contributed to the emerging evidence that all

dietary SFA are not necessarily associated with a negative

impact on atherosclerosis biomarkers and that their spe-

cific identity, individual intake level and dietary origin

must be considered [4–7]. For instance, short and medium

chain SFA have been shown to have no increasing effect

on plasma cholesterol in humans [8]. Myristic acid has

deleterious effects on blood cholesterol level in animals

and humans when provided at high level exceeding 4% of

dietary energy [9, 10], but these negative effects disappear

when its dietary level is moderate (1.0–2.5% of dietary

energy) [11–14]. Stearic acid has also been demonstrated

to be neutral on plasma cholesterol concentrations [15]

and to have no negative effect on thrombotic markers in

humans [16]. Furthermore, an increasing number of stud-

ies have shown that some SFA have important and specific

biological roles in the cells [4]. Among SFA, specific

biochemical functions can be assigned to myristic acid

(C14:0) and palmitic acid (C16:0) that are directly

involved in the two classes of protein fatty acid acylation,

N-myristoylation and side-chain palmitoylation [17].

Butyric acid is also known to regulate the expression of

several genes because it is an inhibitor of histone deace-

tylase activity [18].

In this context, the present study was aimed at investi-

gating the impact of the saturated fat part of four isocaloric

diets on plasma lipid parameters and tissue fatty acid

composition in the rat. The experiment was designed to

monitor PUFA levels, while examining different amounts

and types of saturated fatty acids. The four diets contained

equal amounts of a-linolenic acid (ALA, 2.5 mol% of FA,

i.e. 0.55% of dietary energy) and linoleic acid (LNA,

10–11 mol% of FA, i.e. 2.6% of dietary energy), provided

by a mixture of rapeseed and corn oils, and were supple-

mented respectively (i) with olive oil (olive oil diet),

containing therefore low saturated fat; (ii) with butterfat

(butterfat diet), containing short-chain SFA (C4:0–C10:0,

17 mol% of FA), lauric acid (C12:0, 3.2 mol%), myristic

acid (C14:0, 10.5 mol%) and palmitic acid (C16:0,

14.5 mol%); (iii) with a mixture of trilaurin, trimyristin and

tripalmitin (saturates diet) to obtain the same level of

lauric, myristic and palmitic acids as the butterfat diet and

(iv) with trimyristin only (trimyristin diet). Plasma lipid

parameters and tissue fatty acid composition were mea-

sured in rats after a 8-week diet period, showing that the

butterfat diet contributed to specific effects, compared with

the olive oil diet and the two synthetic saturated fat diets:

a decrease in plasma total, LDL- and HDL-cholesterol, a

higher tissue storage of both ALA and LNA and a higher

level of (n-3) highly unsaturated fatty acids (HUFA) in

some tissues.

Materials and Methods

Chemicals

Solvents and chemicals were obtained from Fisher (Elan-

court, France) or Sigma (St-Quentin Fallavier, France).

Kits for measuring plasma cholesterol and triacylglycerols

(TAG) were purchased from Bio-Mérieux (Lyon, France).

Fractionated butterfat was given by Lactalis (Retiers,

France). Tripalmitin and trilaurin were from Sigma. Tri-

myristin was extracted from powdered nutmeg by refluxing

with diethyl ether (250 mL/100 g of nutmeg) for 5 h [19].

After filtration and concentration, the solution was cooled

down to 0 �C. TAG were collected by filtration, washed

twice with cold ethanol and re-crystallized from acetone.

The purified nutmeg TAG extract contained 92.9% of

myristic acid, 1.3% of lauric acid, 5.7% of palmitic acid,

and traces of oleic acid and linoleic acid.

Diets

Diets were prepared at the Unité de Production d’Aliments

Expérimentaux (UPAE, INRA, Jouy-en-Josas, France).

They were isocaloric and varied only in the type of fat

used. The composition was as follows (g/100 g): 42.6 corn

starch, 19.8 casein, 21.3 sucrose, 0.9 cellulose, 3.6 mineral

mix, 0.9 vitamin mix, 0.9 agar–agar and 10.0 lipid. Fat

provided 22% of total energy. Lipid fractions of the diets

were made by mixing natural and synthetic fats. Dietary

fatty acids were carefully controlled with respect to LNA

and ALA levels (Table 1), while examining different

amounts and types of SFA. The olive oil diet was prepared

by mixing rapeseed oil (19%), corn oil (5%) and olive oil

(76%). The butterfat diet was obtained by mixing rapeseed

oil (18%), corn oil (12%), fractionated butterfat (66.5%)

and a small portion of trimyristin (3.5%). The saturates diet

was a mix of rapeseed oil (21%), corn oil (8%) and olive

oil (47%) supplemented with trilaurin (10%), trimyristin

(11%) and tripalmitin (3%) to obtain the same exact level

of lauric acid, myristic acid and palmitic acid as the

butterfat diet (Table 1).

The trimyristin diet was prepared by mixing rapeseed oil

(20%), corn oil (6%) and olive oil (63%) supplemented

with trimyristin only to obtain the required level of C14:0

(12 mol% of FA). Finally, cholesterol in the butterfat diet

amounted to 0.09 g/100 g and was not detected in the other

three diets.

Animals

The experimental procedure was in compliance with rec-

ommendations of the 2003/65/CEE European directive

for animal experimentation. Sprague–Dawley male rats
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(60 g body weight, 6 weeks old at the beginning of the

experiment) were obtained from the breeding center

R. Janvier (Le Genest-St-Isle, France) and maintained on

rat chow (nutriment A04, Scientific Animal Food and

Engineering, Augy, France) with free access to water for

one week before the study. Then, the rats were randomly

assigned to four groups (n = 6 per group) and fed ad libi-

tum with the four diets described above (olive oil, butterfat,

saturates and trimyristin diets) for 8 weeks. At the end of

this period, the rats were fasted overnight. On the following

morning, they were anaesthetized with an intraperitoneal

injection of pentobarbital (7.5 mg/100 g body weight) [13].

Blood samples were drawn into heparinized tubes by car-

diac puncture. The tissues (liver, brain, epididymal fat,

heart, testis, eyes) were removed, weighed, snap-frozen in

liquid nitrogen and stored at -80 �C. The plasma was

separated from the blood cells by centrifugation (2,500 g,

10 min, 4 �C). Plasma cholesterol and TAG were assayed

with commercial enzymatic kits, according to the manu-

facturer’s instructions.

Lipid Extraction and FA Analysis

Lipids from all the tissues except plasma and red blood

cells were extracted using a mixture of dimethoxymethane/

methanol (4:1 v/v) [20]. Lipids from the plasma and red

blood cells were extracted from 1 mL-samples with a

mixture of hexane/isopropanol (3:2 v/v), after acidification

with 1 mL HCl 3 mol/L [21]. Lipid species (from liver and

heart) were separated by thin-layer chromatography using

silicagel H plates and a mixture of hexane:diethyl-

ether:acetic acid (85:15:1 v/v/v). Phospholipids (PL) and

TAG were scraped off the plate and extracted with 2 mL of

diethyl ether for TAG, or 2 mL of methanol for PL, as

described previously [13]. Total lipid extracts or lipid

species were saponified for 30 min at 70 �C with 1 mL of

Table 1 Fatty acid (FA)

composition (mol% of total FA)

of the experimental diets

Fatty acid Olive oil Butterfat Saturates Trimyristin

C4:0 8.54

C6:0 3.61

C8:0 1.82

C10:0 3.37

C12:0 3.23 4.14 0.18

C14:0 0.01 10.56 12.04 12.23

C16:0 8.49 14.50 16.68 7.89

C17:0 0.15 0.25 0.10 0.12

C18:0 3.00 4.13 2.33 2.56

C20:0 0.39 0.14 0.29 0.34

C22:0 0.23 0.14 0.19

Other SFA (odd, iso, anteiso…) \ 0.5% each 1.92

RSFA 12.27 52.07 35.72 23.51

C10:1 0.31

C14:1 n-5 0.97

C16:1 n-9 0.13 0.30 0.08 0.11

C16:1 n-7 0.36 1.42 0.24 0.31

C18:1 n-9 70.48 28.27 48.17 59.98

C18:1 n-7 2.46 1.32 1.86 2.17

C18:1 n-9 trans 0.30

C18:1 n-7 trans 1.51

C20:1 n-9 0.20

RMUFA 73.43 34.60 50.35 62.57

C18:2 n-6 11.76 10.31 11.45 11.41

C18:2 cis-9 trans-11 0.69

C20:4 n-6 0.04

R n-6 PUFA 11.76 11.04 11.45 11.41

C18:3 n-3 2.54 2.23 2.48 2.51

C22:5 n-3 0.06

R n-3 PUFA 2.54 2.29 2.48 2.51

C18:2/C18:3 M ratio 4.6 4.6 4.6 4.5
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0.5 mol/L NaOH in methanol and methylated with 1 mL

BF3 (14% in methanol) for 15 min at 70 �C. FA methyl

esters were extracted twice with pentane and analyzed by

gas chromatography using an Agilent Technologies 6890N

(Bios Analytic, Toulouse, France) with a split injector

(40:1) at 250 �C and a bonded silica capillary column

(30 m 9 0.25 mm; BPX 70; SGE, Villeneuve-St-Georges,

France) with a polar stationary phase of 70% cyanopro-

pylpolysilphenylene-siloxane (0.25 lm film thickness).

Helium was used as the carrier gas (average velocity

24 cm/s). The column temperature program started at

150 �C, was ramped at 2 �C/min to 220 �C, and held at

220 �C for 10 min. The flame ionization detector temper-

ature was 250 �C.

Results Expression and Statistical Analysis

The results are expressed as means ± SD (n = 6). Data

were analyzed by analysis of variance with the R statistical

software followed by Tukey’s multiple comparison tests. A

value of P \ 0.05 was considered to be statistically

significant.

Results

Physiological Status and Plasma Lipid Parameters

Rats (n = 6 in each group) were fed the olive oil, butterfat,

saturates and trimyristin diets (Table 1) for 8 weeks. The

diets were designed to contain different amounts and types

of SFA. The dietary consumption was identical in the four

groups. At the end of this period, body weights, plasma

lipid concentrations (Table 2), and total FA content of the

tissues (Tables 3–7 and Supplemental Tables) were ana-

lyzed. The body weight of the animals was similar in the

four groups. Significant differences between groups were

found in the plasma lipid parameters of the rats (Table 2).

Total cholesterol was significantly lower in the butterfat

group than in the olive oil, saturates and trimyristin groups.

Total cholesterol was also significantly lower in animals of

the saturates group than in animals of the olive oil group.

The low total cholesterol level of the butterfat group

resulted both from significantly lower LDL-cholesterol

than the olive oil and trimyristin groups and significantly

lower HDL-cholesterol than the olive oil and saturates

groups (Table 2). Consequently, the total cholesterol/

HDL-cholesterol ratio was also significantly lower in the

butterfat and saturates groups than in the olive oil and

trimyristin groups. Plasma TAG (Table 2) and plasma total

FA (Table 5) were significantly lower in the trimyristin

group than in the saturates group. Finally, the total FA

content in adipose tissue (Table 3), liver (Table 4), red

blood cells (Table 6) and heart (Table 7), expressed as mol

FA/g tissue, was similar.

Saturated FA Profiles of the Tissues

The composition of SFA in lipids of adipose tissue, liver,

plasma, red blood cells, heart (Tables 3–7) and brain, tes-

tis, retina (Supplemental Tables 1–3) was first analyzed.

The composition of SFA in lipid species (TAG and PL)

was analyzed only in the liver and heart (Supplemental

Tables 4–7). Although short-chain SFA (C4:0-C10:0) were

present in the butterfat diet, they were not detected after

feeding animals for 8 weeks with this diet, whatever

the tissue analyzed. Lauric acid, which was present

(3.2–4.1 mol% of FA) in the butterfat and saturates diets,

was detected only in adipose tissue (1.3 mol% of FA) and

liver (0.08 mol% of FA) of these two groups (Tables 3, 4).

An expected increase in C14:0 level (Tables 3–7), with

preferential incorporation into TAG rather than into PL as

shown in the liver and heart (Supplemental Tables 4–7),

was detected in all the tissues of the rats fed the butterfat,

saturates and trimyristin diets (containing 10–12 mol%

myristic acid) compared with olive oil diet (deprived of

Table 2 Effect of the diets on the body weight and plasma lipid concentrations of the rats fed for 8 weeks

Olive oil Butterfat Saturates Trimyristin

Weight

Body (g) 531.7 ± 44.1 530.7 ± 48.1 527.5 ± 46.2 487.5 ± 42.2

Plasma lipids

Total cholesterol (mg/mL) 2.24 ± 0.51a 1.38 ± 0.39c 1.76 ± 0.24b 1.89 ± 0.45a,b

HDL-cholesterol (mg/mL) 0.52 ± 0.04a 0.40 ± 0.08b 0.55 ± 0.06a 0.43 ± 0.09b

Total cholesterol/HDL-cholesterol 4.28 ± 0.70a 3.49 ± 0.84b 3.20 ± 0.51b 4.43 ± 1.06a

Triacylglycerols (mg/mL) 1.57 ± 0.57a,b 1.32 ± 0.66a,b 1.78 ± 0.77a 1.12 ± 0.33b

Calculated LDL-cholesterol (mg/mL)A 1.40 ± 0.40a 0.72 ± 0.26b 0.85 ± 0.26b 1.23 ± 0.39a

All data are means ± SD (n = 6 in each group). Different superscripts letters in the same row indicate a significant difference among the data

(P \ 0.05)
a LDL-cholesterol was calculated with the following formula LDL-cholesterol = (Total cholesterol) - (HDL-cholesterol) – (TG/5)
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myristic acid). Interestingly, the rats fed the butterfat diet

had a significantly higher C14:0 amount in adipose tissue

than the saturates and trimyristin animals (Table 3),

although these three diets contained exactly the same

amount of myristic acid (Table 1). Concerning C16:0, the

butterfat and saturates diets contained 2 times more pal-

mitic acid (14–16 mol%) than the olive oil and trimyristin

diets (7–8 mol%) and its level in adipose tissue, liver and

plasma (Tables 3–5) was related to its dietary level. Dif-

ferences in C18:0 levels shown in adipose tissue, plasma

and red blood cells, were also related to its higher dietary

level in the butterfat diet (Table 1).

Monounsaturated FA Profiles of the Tissues

Oleic acid content was significantly higher in all the tissues

of the olive oil group (70 mol% of oleic acid in the diet)

compared to the butterfat group (34 mol% of oleic acid in

the diet), except in the brain (Supplemental Table 1), with

intermediate levels in the tissues of the trimyristin and

saturates groups (Tables 3–7). Conversely, trans monoun-

saturated FA (C18:1 n-9 and n-7 trans) from the butterfat

diet were detected in adipose tissue, liver and heart of the

butterfat animals (Tables 3, 4, 7).

(n-3) PUFA Profiles of the Tissues

The 4 diets were designed to contain strictly equal amounts

of ALA (2.5 mol% of FA) (Table 1). However, signifi-

cantly higher amounts of ALA were found in the adipose

tissue of the butterfat group compared to the olive oil,

saturates and trimyristin groups (Table 3), in the liver of

the butterfat group compared to the olive oil and saturates

groups (Table 4) and plasma of the butterfat group com-

pared to the olive oil and trimyristin groups (Table 5).

Similar results were shown in the TAG fraction of liver

(Supplemental Table 5). Among detected (n-3) HUFA,

EPA (C20:5 n-3) was significantly higher in adipose tissue

(Table 3) and red blood cells (Table 6) of butterfat animals

compared to olive oil, saturates and trimyristin animals,

and significantly higher in the heart of the butterfat group

than in the saturates and trimyristin groups (Table 7). DPA

(C22:5 n-3) was also significantly higher in the liver of the

butterfat animals compared with the olive oil animals

(Table 4), and in the heart (Table 7) and retina (Supple-

mental Table 3) of the butterfat animals compared with the

olive oil, saturates and trimyristin animals. Similar results

on DPA levels were shown in the PL fractions of liver and

heart (Supplemental Tables 4 and 6). DHA was not

Table 3 Fatty acid composition (mol% of total FA) of adipose tissue total lipids of the rats

Fatty acid Olive oil Butterfat Saturates Trimyristin

C12:0 0.11 ± 0.06c 1.39 ± 0.11a 1.22 ± 0.20a 0.20 ± 0.05b

C14:0 1.00 ± 0.14c 6.77 ± 0.34a 5.67 ± 0.36b 5.85 ± 0.29b

C16:0 17.34 ± 1.31c 23.17 ± 1.22a 21.37 ± 1.44b 18.10 ± 1.65c

C18:0 2.08 ± 0.09b 2.31 ± 0.26a 1.68 ± 0.16c 1.83 ± 0.23c

RSFA 20.77 ± 1.40d 34.97 ± 0.89a 30.16 ± 1.30b 26.21 ± 1.57c

C16:1 n-7 3.62 ± 0.78c 7.03 ± 1.50a 5.12 ± 0.94b 4.73 ± 0.50b

C18:1 n-9 60.42 ± 2.01a 38.67 ± 1.62d 48.79 ± 1.51c 54.02 ± 1.25b

C18:1 n-7 4.59 ± 0.40 4.77 ± 0.37 4.65 ± 0.41 4.39 ± 0.20

C18:1 n-9 trans 0.06 ± 0.01b 0.24 ± 0.01a 0.05 ± 0.01b 0.06 ± 0.01b

C18:1 n-7 trans ND 0.81 ± 0.08 ND ND

RMUFA 69.71 ± 1.01a 53.05 ± 0.75d 59.59 ± 0.87c 64.33 ± 0.87b

C18:2 n-6 8.14 ± 0.43b 10.28 ± 0.71a 8.85 ± 0.77b 8.15 ± 0.65b

R n-6 PUFA 8.33 ± 0.41b 10.48 ± 0.68a 9.02 ± 0.79b 8.32 ± 0.68b

R n-6 HUFA 0.19 ± 0.02 0.20 ± 0.04 0.17 ± 0.04 0.17 ± 0.03

C18:3 n-3 1.09 ± 0.07b 1.37 ± 0.06a 1.14 ± 0.14b 1.05 ± 0.11b

C20:5 n-3 0.01 ± 0.00b 0.05 ± 0.01a 0.01 ± 0.01b 0.01 ± 0.01b

R n-3 PUFA 1.13 ± 0.07b 1.46 ± 0.08a 1.18 ± 0.16b 1.09 ± 0.13b

R n-3 HUFA 0.04 ± 0.02b 0.09 ± 0.03a 0.04 ± 0.02b 0.04 ± 0.02b

Total FA (mmol/g tissue) 2.06 ± 0.11 2.02 ± 0.18 2.08 ± 0.26 2.25 ± 0.24

All data are means ± SD (n = 6). Different superscripts letters in the same row indicate a significant difference among the data (P \ 0.05). n-6

PUFA include C18:2 n-6, C18:3 n-6, C20:2 n-6, C20:3 n-6, C20:4 n-6, C22:4 n-6 here; n-6 HUFA include C18:3 n-6, C20:2 n-6, C20:3 n-6,

C20:4 n-6, C22:4 n-6 here; n-3 PUFA include C18:3 n-3, C20:5 n-3, C22:5 n-3, C22:6 n-3 here; HUFA include C20:5 n-3, C22:5 n-3, C22:6 n-3

here.

ND not detected
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significantly different between the 4 groups, whatever the

tissue analyzed. Concerning longer HUFA (C24:5 n-3 and

C24:6 n-3), they were detected only in the retina (Sup-

plemental Table 3), they were higher in the butterfat group.

All these increases in individual HUFA resulted in a sig-

nificantly higher level of total (n-3) HUFA and total (n-3)

PUFA (ALA ? n-3 HUFA) in adipose tissue of the but-

terfat group compared to the olive oil, saturates and tri-

myristin groups (Table 3), in the heart in the butterfat

group compared to the olive oil and trimyristin groups

(Table 7) and in the retina in the butterfat group compared

to the olive oil group (Supplemental Table 3).

(n-6) PUFA Profiles of the Tissues

The 4 diets were designed to contain equal amounts of

LNA (10-11 mol% of FA) (Table 1). However, signifi-

cantly higher amounts of LNA were found in adipose

tissue, plasma, heart and brain of the butterfat group

compared to the 3 other groups (Tables 3, 5, 7 and

Supplemental Table 1), in the liver of the butterfat group

compared to the olive oil and saturates groups (Table 4)

and in red blood cells of the butterfat group compared to

the saturates and trimyristin groups (Table 6). Similar

higher levels of LNA in the butterfat group were shown in

the TAG and PL fractions of liver and heart (Supplemental

Tables 4–7). Among detected (n-6) HUFA, C20:3 n-6 was

significantly higher in red blood cells and heart of butterfat

animals compared to saturates and trimyristin animals

(Tables 6–7) and in the liver TAG and heart PL of the

butterfat group compared to the olive oil group (Supple-

mental Tables 5–6). Higher levels of C20:4 n-6 appeared in

the liver TAG of the butterfat group compared to the olive

oil group (Supplemental Table 5). Conversely, C22:5 n-6

was significantly lower in red blood cells of butterfat

animals compared to olive oil, saturates and trimyristin

animals (Table 6) and significantly lower in the heart of the

butterfat group compared with the trimyristin animals

Table 4 Fatty acid composition (mol% of total FA) of liver total lipids of the rats

Fatty acid Olive oil Butterfat Saturates Trimyristin

C12:0 0.02 ± 0.01b 0.09 ± 0.02a 0.08 ± 0.03a 0.03 ± 0.01b

C14:0 0.54 ± 0.09b 1.31 ± 0.14a 1.47 ± 0.31a 1.30 ± 0.27a

C16:0 22.13 ± 0.92b 24.74 ± 1.18a 24.63 ± 0.73a 22.83 ± 1.63b

C18:0 9.98 ± 2.09 9.70 ± 1.46 9.49 ± 1.88 10.31 ± 1.67

RSFA 32.86 ± 1.70b 36.49 ± 1.37a 35.84 ± 1.31a 34.64 ± 1.64a,b

C16:1 n-7 3.04 ± 0.49b 4.79 ± 1.30a 3.54 ± 0.72a,b 3.34 ± 0.98a,b

C18:1 n-9 34.15 ± 4.90a 25.91 ± 2.50b 29.55 ± 4.27a,b 30.51 ± 2.91a

C18:1 n-7 3.71 ± 0.33a,b 3.55 ± 0.41b 4.12 ± 0.34a 3.39 ± 0.34b

C18:1 n-9 trans 0.11 ± 0.04 0.12 ± 0.05 0.10 ± 0.01 0.10 ± 0.04

C18:1 n-7 trans ND 0.32 ± 0.11 ND ND

RMUFA 41.77 ± 5.65 35.47 ± 2.80 38.01 ± 4.96 38.05 ± 3.59

C18:2 n-6 7.03 ± 0.80c 10.51 ± 2.19a 8.18 ± 0.46b 8.52 ± 1.62a,b,c

C20:3 n-6 0.48 ± 0.17 0.48 ± 0.13 0.42 ± 0.14 0.42 ± 0.12

C20:4 n-6 12.45 ± 2.76 11.50 ± 1.57 11.95 ± 2.67 12.92 ± 1.88

C22:4 n-6 0.13 ± 0.03 0.14 ± 0.01 0.14 ± 0.03 0.15 ± 0.03

C22:5 n-6 0.11 ± 0.02 0.11 ± 0.03 0.11 ± 0.03 0.13 ± 0.04

R n-6 PUFA 20.38 ± 3.44 23.36 ± 1.79 22.22 ± 2.40 22.31 ± 2.23

R n-6 HUFA 13.35 ± 2.93 12.42 ± 1.61 12.78 ± 2.80 13.80 ± 1.95

C18:3 n-3 0.37 ± 0.06b 0.72 ± 0.26a 0.45 ± 0.08b 0.46 ± 0.21a,b

C20:5 n-3 0.17 ± 0.08 0.25 ± 0.10 0.17 ± 0.05 0.19 ± 0.05

C22:5 n-3 0.30 ± 0.08b 0.41 ± 0.08a 0.35 ± 0.08a,b 0.33 ± 0.06a,b

C22:6 n-3 3.88 ± 0.68 3.54 ± 0.87 4.03 ± 0.85 3.70 ± 0.77

R n-3 PUFA 4.72 ± 0.80 4.93 ± 0.89 5.00 ± 0.89 4.68 ± 0.72

R n-3 HUFA 4.35 ± 0.80 4.20 ± 0.94 4.55 ± 0.93 4.22 ± 0.79

Total FA (lmol/g tissue) 147.1 ± 29.5 143.6 ± 24.7 146.8 ± 29.2 135.1 ± 29.4

All data are means ± SD (n = 6). Different superscripts letters in the same row indicate a significant difference among the data (P \ 0.05). n-6

PUFA include C18:2 n-6, C18:3 n-6, C20:2 n-6, C20:3 n-6, C20:4 n-6, C22:4 n-6 and C22:5 n-6 here; n-6 HUFA include C18:3 n-6, C20:2 n-6,

C20:3 n-6, C20:4 n-6, C22:4 n-6 and C22:5 n-6 here; n-3 PUFA include C18:3 n-3, C20:5 n-3, C22:5 n-3 and C22:6 n-3 here; n-3 HUFA include

C20:5 n-3, C22:5 n-3 and C22:6 n-3 here.

ND not detected
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(Table 7). These opposite differences in individual (n-6)

HUFA did not result in any significant difference of total

(n-6) HUFA in the tissues. However, the total (n-6) PUFA

(LNA ? n-6 HUFA) was significantly higher, due to the

increase in LNA, in adipose tissue and heart of the butterfat

group compared to the olive oil, saturates and trimyristin

groups (Tables 3 and 7).

Discussion

This study was aimed at investigating the impact of the

specific SFA composition of 4 diets with identical well-

balanced LNA/ALA ratio on plasma lipid parameters and

tissue fatty acid composition in rats. The rats were fed with

these four diets for 8 weeks, as already done in two pre-

vious studies investigating more specifically the physio-

logical effects of dietary myristic acid [13, 19].

First, the results on plasma lipid concentrations

(Table 2) show that rats fed with the butterfat diet (LNA

and ALA diet enriched with butterfat) have a lower level of

plasma total cholesterol than the 3 other groups. Total

cholesterol was also significantly lower in animals of the

saturates group than in animals of the olive oil group.

Therefore, the diet containing the highest level of SFA

(about 52 mol% of FA; Table 1), coming from butterfat,

led to the lowest level of plasma cholesterol. However, an

extrapolation of this interesting result to humans is not easy

since rats exhibit a low cholesterol ester transfer protein

(CETP) activity and high HDL-cholesterol/total cholesterol

ratio [22]. Moreover, the present study design uses test

diets which can be considered as low fat in terms of dietary

energy (22% of total energy from fat) when compared with

typical human diet (30–35% of total energy from fat).

However, usual fat for rat maintenance is about 8% of total

energy from fat and the present study using 22% of energy

from fat can therefore be considered as high fat in rodent

models. In terms of saturated fat supply, the diets can be

considered as moderate, varying from 12 to 52 mol% of

total FA (i.e. 2.4–9.7% of total energy from saturated fat).

Finally, a low amount of cholesterol (0.09 g/100 g diet)

was present in the butterfat diet and no cholesterol was

Table 5 Fatty acid composition (mol% of total FA) of plasma total lipids of the rats

Fatty acid Olive oil Butterfat Saturates Trimyristin

C14:0 0.51 ± 0.13b 1.74 ± 0.46a 1.50 ± 0.29a 1.72 ± 0.52a

C16:0 19.67 ± 1.29a,b 21.84 ± 2.02a 21.33 ± 1.50a 19.42 ± 1.16b

C18:0 2.84 ± 0.40b 3.73 ± 0.87a 3.04 ± 0.63a,b 3.37 ± 0.66a,b

RSFA 23.39 ± 1.33c 27.99 ± 1.42a 26.20 ± 1.03b 24.99 ± 1.38b,c

C16:1 n-7 2.53 ± 0.39c 4.68 ± 1.38a 3.22 ± 0.48b 3.32 ± 0.72a,b

C18:1 n-9 39.56 ± 1.40a 27.08 ± 2.68c 32.35 ± 2.14b 34.48 ± 2.34b

C18:1 n-7 3.38 ± 0.16b 3.81 ± 0.34a 3.57 ± 0.36a,b 3.30 ± 0.21b

RMUFA 46.18 ± 1.57a 36.06 ± 3.91c 39.66 ± 2.72b,c 42.01 ± 2.71b

C18:2 n-6 10.35 ± 0.69c 13.43 ± 1.59a 11.70 ± 0.93b 10.76 ± 0.64b,c

C20:3 n-6 0.23 ± 0.03 0.29 ± 0.08 0.24 ± 0.04 0.22 ± 0.04

C20:4 n-6 15.39 ± 2.81 17.33 ± 5.82 17.25 ± 4.34 17.92 ± 2.70

C22:4 n-6 0.26 ± 0.13 0.19 ± 0.06 0.28 ± 0.14 0.18 ± 0.05

C22:5 n-6 0.19 ± 0.04 0.22 ± 0.05 0.20 ± 0.04 0.21 ± 0.07

R n-6 PUFA 26.64 ± 2.75 31.04 ± 7.21 30.17 ± 4.71 29.56 ± 2.50

R n-6 HUFA 16.29 ± 2.74 18.31 ± 5.85 18.21 ± 4.36 18.80 ± 2.81

C18:3 n-3 0.80 ± 0.12b 1.12 ± 0.33a 0.89 ± 0.22a,b 0.74 ± 0.11b

C20:5 n-3 0.53 ± 0.10 0.73 ± 0.34 0.60 ± 0.13 0.56 ± 0.13

C22:5 n-3 0.33 ± 0.06 0.38 ± 0.15 0.41 ± 0.13 0.29 ± 0.08

C22:6 n-3 1.65 ± 0.15 1.76 ± 0.58 1.94 ± 0.33 1.40 ± 0.45

R n-3 PUFA 3.31 ± 0.30a,b 3.99 ± 0.87a 3.85 ± 0.76a 2.99 ± 0.34b

R n-3 HUFA 2.52 ± 0.22 2.87 ± 0.95 2.96 ± 0.55 2.25 ± 0.48

Total FA (lmol/mL tissue) 5.72 ± 1.97a,b 4.16 ± 1.88a,b 5.28 ± 1.06a 3.55 ± 1.47b

All data are means ± SD (n = 6). Different superscripts letters in the same row indicate a significant difference among the data (P \ 0.05). n-6

PUFA include C18:2 n-6, C18:3 n-6, C20:2 n-6, C20:3 n-6, C20:4 n-6, C22:4 n-6 and C22:5 n-6 here; n-6 HUFA include C18:3 n-6, C20:2 n-6,

C20:3 n-6, C20:4 n-6, C22:4 n-6 and C22:5 n-6 here; n-3 PUFA include C18:3 n-3, C20:5 n-3, C22:5 n-3 and C22:6 n-3 here; n-3 HUFA include

C20:5 n-3, C22:5 n-3 and C22:6 n-3 here
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detected in the three other diets, but it is now generally

accepted that dietary cholesterol is not a significant factor

in determining blood cholesterol levels in the general

human population [23].

We found in the present study that plasma total cho-

lesterol level was inversely correlated with dietary SFA

level. The total cholesterol/HDL-cholesterol ratio, which is

considered to be a better predictor of coronary heart disease

risk (in humans) than LDL- and HDL-cholesterol them-

selves [24], was also significantly lower in the butterfat

group than in the olive oil and trimyristin animals. In the

literature, such a significant inverse correlation was found

in postmenopausal women with relatively low total fat

intake, showing that a greater saturated fat intake was

associated with less progression of coronary atherosclerosis

[25]. Another inverse correlation was also found between

the dietary content of SFA from milk fat and serum con-

centration of cholesterol in 15-year-old Swedish adoles-

cents [26]. A possible explanation was that milk fat may

reduce the risk of cardiac diseases through reduced for-

mation of small dense LDL particles [27]. As recently

described in healthy men and women [24], our results

suggest not only that a moderate consumption of dairy

products does not increase the risk of cardiovascular dis-

eases [12, 28], but also that it can be better in term of

prevention than a diet deprived of SFA, like the olive oil

diet in the present study.

Second, the other major interesting result of this study is

the differential influence of the diets on tissue (n-3) and (n-

6) PUFA concentrations (Tables 3–7). In order to compare

their effects on PUFA composition, the diets were designed

to contain strictly equal amounts of ALA (2.5 mol% of FA,

i.e. 0.55% of dietary energy) and LNA (10–11 mol% of

FA, i.e. 2.6% of dietary energy) in a ratio of 4.6 that meets

human essential FA requirements [29]. The results showed

an increased accumulation of both ALA and LNA in sev-

eral tissues of butterfat animals compared to olive oil,

saturates and trimyristin animals. Concerning the essential

(n-6) and (n-3) HUFA, an effect of the butterfat diet was

shown on the level of EPA and DPA (n-3). Although there

were traces of DPA (n-3) in the butterfat diet, it seems that

the increase shown in tissue EPA and DPA (n-3) is not

Table 6 Fatty acid composition (mol% of total FA) of red blood cell total lipids of the rats

Fatty acid Olive oil Butterfat Saturates Trimyristin

C14:0 0.48 ± 0.09b 0.84 ± 0.19a 0.77 ± 0.15a 0.95 ± 0.20a

C16:0 20.40 ± 0.61 21.53 ± 1.40 21.82 ± 1.33 20.52 ± 0.66

C18:0 14.60 ± 0.74b 16.53 ± 1.27a 15.67 ± 1.32a,b 14.59 ± 0.86b

RSFA 36.19 ± 0.69a 39.78 ± 2.81b 38.95 ± 1.97b 36.91 ± 0.37a,b

C16:1 n-7 1.59 ± 0.36 1.84 ± 0.67 1.42 ± 0.53 1.79 ± 0.44

C18:1 n-9 17.02 ± 1.55a 11.74 ± 0.81c 13.30 ± 1.39b,c 15.60 ± 1.88a,b

C18:1 n-7 3.97 ± 0.19 3.73 ± 0.20 3.81 ± 0.26 3.76 ± 0.17

RMUFA 23.52 ± 1.69a 18.05 ± 1.37b 19.27 ± 1.79b 22.01 ± 1.52a

C18:2 n-6 6.01 ± 0.93a,b 6.73 ± 0.40a 5.66 ± 0.53b 5.87 ± 0.67b

C20:3 n-6 0.82 ± 0.09a,b 0.97 ± 0.13a 0.76 ± 0.09b 0.70 ± 0.09b

C20:4 n-6 27.28 ± 1.79 27.15 ± 2.92 27.90 ± 1.54 27.80 ± 2.72

C22:4 n-6 0.88 ± 0.10 0.88 ± 0.18 1.00 ± 0.13 0.98 ± 0.21

C22:5 n-6 0.51 ± 0.19a 0.31 ± 0.14b 0.61 ± 0.28a 0.57 ± 0.18a

R n-6 PUFA 35.50 ± 1.43 35.16 ± 3.34 35.59 ± 1.77 36.37 ± 2.31

R n-6 HUFA 29.49 ± 2.04 29.71 ± 2.95 30.70 ± 1.75 30.49 ± 2.95

C18:3 n-3 0.31 ± 0.08 0.34 ± 0.08 0.28 ± 0.04 0.31 ± 0.09

C20:5 n-3 0.43 ± 0.06b 0.59 ± 0.08a 0.39 ± 0.05b 0.41 ± 0.06b

C22:5 n-3 1.00 ± 0.20 1.44 ± 0.46 1.21 ± 0.18 1.09 ± 0.20

C22:6 n-3 2.96 ± 0.50 3.13 ± 0.54 3.27 ± 0.52 2.75 ± 0.38

R n-3 PUFA 4.71 ± 0.65a,b 5.49 ± 0.74a 5.15 ± 0.62a,b 4.56 ± 0.47b

R n-3 HUFA 4.40 ± 0.70 5.15 ± 0.75 4.87 ± 0.66 4.25 ± 0.54

Total FA (lmol/mL tissue) 20.50 ± 4.69 14.71 ± 3.71 16.10 ± 3.82 17.32 ± 2.99

All data are means ± SD (n = 6). Different superscripts letters in the same row indicate a significant difference among the data (P \ 0.05). n-6

PUFA include C18:2 n-6, C18:3 n-6, C20:2 n-6, C20:3 n-6, C20:4 n-6, C22:4 n-6 and C22:5 n-6 here; n-6 HUFA include C18:3 n-6, C20:2 n-6,

C20:3 n-6, C20:4 n-6, C22:4 n-6 and C22:5 n-6 here; n-3 PUFA include C18:3 n-3, C20:5 n-3, C22:5 n-3 and C22:6 n-3 here; n-3 HUFA include

C20:5 n-3, C22:5 n-3 and C22:6 n-3 here
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linked to the presence of these traces but more likely to

other mechanisms (increased conversion from ALA,

increased incorporation in specific tissues, lower b-oxida-

tion) since no effect of ARA traces in the butterfat diet is

shown on the level of tissue ARA. Therefore, the butterfat

diet increased the level of tissue (n-3) HUFA, especially in

the heart (Table 7) where these derivatives have been

suggested to have cardio-protective effects [30] and in the

retina (Supplemental Table 3) where they have been

described to be important for neural development [31].

Altogether, these results show beneficial effects in the

measured physiological parameters (circulating cholesterol

and level of tissue (n-3) PUFA) of the butterfat diet (LNA

and ALA diet enriched with butterfat) compared with the

olive oil diet (LNA and ALA diet enriched with olive oil),

with intermediate levels of the saturates diet (LNA and LA

diet enriched with synthetic saturated TAG).

These results led us to wonder what can explain these

differential effects, when considering the FA composition

of the four diets (Table 1). The comparison of the dietary

FA composition suggests firstly that some effects can be

attributed to the presence of short and medium chain SFA

(C4:0–C10:0) in the butterfat diet. Indeed, this diet is

characterized by its high level in SFA from butterfat (about

52 mol% of total FA), including specifically short and

medium chain SFA (C4:0–C10:0; 17 mol% of total FA)

(Table 1). In the literature, dietary short and medium-chain

SFA have been shown to have no increasing effect on

plasma cholesterol in humans [8]. Moreover, C8:0 and

C10:0 were hypocholesterolemic in the rat [32], in the dog

[33], and C8:0 has an inhibitory effect on the synthesis of

apoprotein B in the liver which is necessary for VLDL

secretion [34]. An hypothesis for the beneficial effect of

dietary short and medium-chain SFA is that they are

directly absorbed through the portal vein leading to their

preferential b-oxidation in the liver [35] whereas long-

chain fatty acids are secreted as chylomicrons in the lymph

and plasma, leading likely to an increased storage in adi-

pose and other tissues. This metabolic specificity may

explain not only the total absence of short and medium

Table 7 Fatty acid composition (mol% of total FA) of heart total lipids of the rats

Fatty acid Olive oil Butterfat Saturates Trimyristin

C14:0 0.20 ± 0.05b 0.42 ± 0.16a 0.44 ± 0.15a 0.52 ± 0.07a

C16:0 11.74 ± 0.59 12.30 ± 0.89 12.23 ± 0.70 11.99 ± 0.41

C18:0 20.07 ± 0.83 20.09 ± 0.70 20.65 ± 0.36 20.29 ± 0.52

RSFA 32.27 ± 1.11b 33.06 ± 0.94a,b 33.55 ± 0.52a 33.08 ± 0.94a,b

C16:1 n-7 0.62 ± 0.10 0.84 ± 0.28 0.58 ± 0.15 0.64 ± 0.07

C18:1 n-9 14.21 ± 1.03a 9.04 ± 0.87d 10.21 ± 0.65c 12.43 ± 0.95b

C18:1 n-7 4.79 ± 0.34 4.56 ± 0.27 4.81 ± 0.19 4.69 ± 0.13

C18:1 n-9 trans 0.11 ± 0.02b 0.28 ± 0.04a 0.11 ± 0.02b 0.12 ± 0.04b

RMUFA 20.17 ± 0.82a 15.01 ± 1.09c 16.07 ± 0.73c 18.34 ± 0.94b

C18:2 n-6 14.61 ± 2.14b 17.61 ± 0.73a 15.74 ± 0.76b 15.79 ± 1.33b

C20:3 n-6 0.53 ± 0.06b 0.63 ± 0.06a 0.51 ± 0.04b 0.50 ± 0.06b

C20:4 n-6 20.17 ± 0.91 20.68 ± 1.04 21.14 ± 0.64 20.17 ± 0.58

C22:4 n-6 0.53 ± 0.05 0.50 ± 0.06 0.58 ± 0.07 0.54 ± 0.05

C22:5 n-6 0.67 ± 0.16a,b 0.54 ± 0.06b 0.69 ± 0.19a,b 0.70 ± 0.17a

R n-6 PUFA 36.63 ± 1.23c 40.07 ± 0.92a 38.40 ± 0.37b 37.81 ± 1.17b,c

R n-6 HUFA 22.03 ± 1.08 22.44 ± 1.08 23.83 ± 0.77 22.03 ± 0.79

C18:3 n-3 0.19 ± 0.03 0.20 ± 0.03 0.18 ± 0.02 0.17 ± 0.02

C20:5 n-3 0.16 ± 0.02a,b 0.20 ± 0.04a 0.13 ± 0.02b 0.14 ± 0.04b

C22:5 n-3 1.05 ± 0.07c 1.61 ± 0.12a 1.26 ± 0.16b 1.11 ± 0.09b,c

C22:6 n-3 9.13 ± 0.86 9.54 ± 0.52 9.65 ± 0.65 8.95 ± 0.99

R n-3 PUFA 10.69 ± 0.89b 11.74 ± 0.45a 11.41 ± 0.73a,b 10.52 ± 0.97b

R n-3 HUFA 10.50 ± 0.90b 11.54 ± 0.47a 11.23 ± 0.73a,b 10.35 ± 0.98b

Total FA (lmol/g tissue) 199.3 ± 11.8 200.7 ± 13.0 194.4 ± 7.9 185.9 ± 46.5

All data are means ± SD (n = 6). Different superscripts letters in the same row indicate a significant difference among the data (P \ 0.05). n-6

PUFA include C18:2 n-6, C20:2 n-6, C20:3 n-6, C20:4 n-6, C22:4 n-6 and C22:5 n-6 here; n-6 HUFA include C20:2 n-6, C20:3 n-6, C20:4 n-6,

C22:4 n-6 and C22:5 n-6 here; n-3 PUFA include C18:3 n-3, C20:3 n-3, C20:5 n-3, C22:5 n-3, and C22:6 n-3 here; n-3 HUFA include C20:3 n-3,

C20:5 n-3, C22:5 n-3, and C22:6 n-3 here
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chain fatty acids in every tissue but also their increased

substrate competition with ALA and LNA for the b-oxi-

dation pathway, leading to the sparing and increased stor-

age of these two PUFA.

A 2nd difference between the olive oil and butterfat

diets is the presence of myristic acid (Table 1), which is a

characteristic of dairy fat. The saturates and trimyristin

diets were therefore designed to answer the question of the

relative effects of myristic acid versus short and medium

chain saturated fatty acids. The results showed that the

saturates diet lowered the plasma cholesterol level

(Table 2) compared with the olive oil diet, but to a lesser

extent than the butterfat diet. For instance, total cholesterol

was significantly higher in the saturates group than in the

butterfat group. Myristic acid has long been considered as

having played a major role in the increase in blood cho-

lesterol level in animals and humans, when provided at

high level, exceeding 4% of dietary energy [9, 10]. How-

ever, when its dietary level is moderate (1.0–2.5% of die-

tary energy) no evidence of deleterious effects of this

specific fatty acid has been reported [11–14, 25]. In

humans, a moderate supply of myristic acid (1.8% of daily

energy) was shown to improve lecithin cholesterol acyl-

transferase (LCAT) activity, which is considered beneficial

in terms of HDL cholesterol concentration and reverse

cholesterol transport [36]. Concerning now LNA, ALA and

(n-3) HUFA concentrations, the effects shown after the

butterfat diet (compared with olive oil diet) were less sig-

nificant or disappeared in saturates animals (Tables 3–7).

In addition, the trimyristin diet did not cause any differ-

ences in tissue n-6 and n-3 PUFA profiles (Tables 3–7), nor

in plasma lipid parameters (except in HDL-cholesterol) in

comparison to the olive oil diet (Table 2), which suggests

that myristic acid alone, when provided as trimyristin at

least, does not appear as responsible for the effects seen

with the butterfat diet. However, we have also to take into

account that myristic acid is mainly in the sn-2 position in

dairy TAG of the butterfat diet, whereas it is equally dis-

tributed in the 3 positions in the synthetic saturated TAG of

the two other saturated fat diets (saturates and trimyristin

diets) [37]. It has been suggested that fatty acids in the sn-2

position are better absorbed in enterocytes [38], but there

are still controversies about the real physiological impact

of fatty acids when located in the sn-2 position [39, 40]. In

our study, when analyzing the effect of the 3 diets con-

taining 10-12 mol% myristic acid (butterfat, saturates and

trimyristin), myristic acid was found significantly higher in

adipose tissue of the rats fed the butterfat diet (Table 3),

suggesting that myristic acid in sn-2 position is indeed

better absorbed or better stored. Concerning the plasma

lipid parameters, it remains difficult to relate the sn-2

position of myristic acid in dairy fat to the beneficial effect

of the butterfat diet. Concerning the effect on (n-3) HUFA

derivatives, we can suppose that myristic acid in sn-2

position and its subsequent increased bioavailability could

increase D6-desaturase activity and long chain (n-3) HUFA

tissue concentration, as already shown in cultured rat

hepatocytes incubated with myristic acid [41].

A third specific characteristic of the butterfat diet,

compared to the three other diets, is the presence of trans

FA and conjugated linoleic acids (CLA) with possible

biological effects. It has been shown that feeding rumenic

acid (cis 9, trans 11 CLA) may beneficially affect lipo-

protein profile in hamster [42]. However, CLA did not

modify LNA and ALA metabolism in healthy human

subjects consuming a diet with adequate intake of essential

fatty acids [43].

Finally, one could consider that the high level of oleic

acid in the olive oil diet (70 mol% of dietary FA) could be

involved in the effects shown in this study, when compared

to the butterfat and saturates diets. However, oleic acid is

considered to be neutral in plasma lipid metabolism, when

provided in the range 15–21% of total dietary energy [44,

45], which is the case in the present study (15.6% of total

dietary energy). Olive oil is also known to contain high

level of squalene (300–700 mg/100 g) and this phytosterol

precursor has been shown to be at least partly absorbed and

then quantitatively converted to cholesterol. The squalene

content of olive oil could therefore contribute to an

increase in plasma cholesterol concentration [46]. Con-

cerning the effects on n-3 and n-6 PUFA, oleic acid is

known to be a substrate of the D6-desaturase, and high

level of tissue C18:1 n-9 could compete with LNA and

ALA for the biosynthesis of HUFA of the n-9 series rather

than HUFA of the n-6 and n-3 series. This hypothesis could

explain some of the difference between the olive oil and

butterfat diets regarding n-3 HUFA levels.

As a conclusion, the results show that in diets with

identical well-balanced LNA/ALA ratio, the specific SFA

composition has an impact on plasma cholesterol parame-

ters and tissue PUFA content.
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Abstract The pyruvate dehydrogenase complex (PDC)

plays a critical role in lipid synthesis and glucose homeo-

stasis in the fed and fasting states. The central role of the

liver in the maintenance of glucose homeostasis has been

established by studying changes in key enzymes (including

PDC) and the carbon-flux via several pathways under dif-

ferent metabolic states. In the present study we have

developed a murine model of liver-specific PDC deficiency

using Cre-loxP technology to investigate its consequences

on lipid and carbohydrate metabolism. There was no

incorporation of glucose-carbon into fatty acids by liver in

vitro from liver-specific Pdha1 knockout (L-PDHKO) male

mice due to absence of hepatic PDC activity. Interestingly,

there was a compensatory increase in lipogenic capacity in

epididymal adipose tissue from L-PDHKO mice. Both fat

and lean body mass were significantly reduced in

L-PDHKO mice, which might be explained by an increase

in total energy expenditure compared with wild-type lit-

termate mice. Furthermore, both liver and peripheral

insulin sensitivities measured during a hyperinsulinemic-

euglycemic clamp were improved in L-PDHKO mice. The

findings presented here demonstrate (i) the indispensable

role of PDC for lipogenesis from glucose in liver and (ii)

specific adaptations in lipid and glucose metabolism in the

liver and adipose tissue to compensate for loss of PDC

activity in liver only.

Keywords PDC deficiency � Pdha1 deletion �
Lipogenesis � Glucose homeostasis � Liver glycogen �
Liver � Adipose tissue � Hyperinsulinemic clamp

Abbreviations

PDC Pyruvate dehydrogenase complex

L-PDHKO Liver-specific pyruvate dehydrogenase

knockout

PDH Pyruvate dehydrogenase

FFA Free fatty acid

TCA Tricarboxylic acid

Introduction

The liver plays the central role in the maintenance of glu-

cose homeostasis in mammals. Liver has the full comple-

ment of enzymes for the synthesis of glycogen, lipids

(secreted as part of very low density lipoproteins) and other

molecules from dietary carbohydrates in the fed state and

for the synthesis of glucose from gluconeogenic precursors

during the fasting state [1, 2]. Glucose from the dietary

carbohydrates is initially converted into liver glycogen via

both the direct and indirect pathways, the latter involving

the following sequence: glucose to three carbon interme-

diates to glycogen [1, 3]. Lactate appears to be the major

three-carbon precursor because it is readily produced from

glucose by extrahepatic tissues [4]. The availability of

substrate supply for the indirect pathway is supported by

demonstration of a delayed activation by dephosphorylation
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of the pyruvate dehydrogenase complex (PDC) in several

mammalian tissues (including liver) in the immediate

postprandial period [5, 6].

PDC is located at the cross-roads of glucose and fatty

acid metabolism and hence the flux through mammalian

PDC is tightly regulated by a phosphorylation (inactiva-

tion)/dephosphorylation (activation) mechanism catalyzed

by a dedicated group of kinases and phosphatases [5, 7, 8].

In the fasting state PDC, in most tissues except the brain, is

readily phosphorylated and inactivated inhibiting glucose

oxidation. In the fed state PDC is reactivated by its

dephosphorylation resulting in increased oxidative utiliza-

tion of glucose in most tissues and lipid biosynthesis in the

liver and adipose tissue [5, 7, 8]. Only after PDC reacti-

vation (after an initial delay) in the liver and other tissues,

can the oxidative metabolism of glucose support energy

production and the biosynthesis of lipids from acetyl-CoA

generated from glucose-derived pyruvate via the action of

PDC [6, 9]. Thus, the timing and degree of reactivation of

PDC in the liver plays a pivotal role in directing carbon

flow from dietary carbohydrates to the synthesis of hepatic

glycogen and lipids.

PDC deficiency is one of the major genetic disorders of

oxidative metabolism resulting in congenital lactic acidosis

and neurological dysfunctions [10, 11]. Although the

majority of the genetic defects in human PDC is identified

in the pyruvate dehydrogenase (PDH) a subunit gene

(PDHA1) localized on chromosome X [12], the defects in

the other component genes of the complex are also reported

to cause similar clinical complications [11, 13]. To gain

insight into the pathophysiology of PDC deficiency, we

have developed a line of mice carrying an inducible null

mutation in the Pdha1 gene localized on chromosome X

using the Cre-loxP system [14]. The Pdha1 gene in mice

encodes the a subunit of the pyruvate dehydrogenase

(PDH) component of PDC in somatic cells [15]. Genera-

tion of a generalized null mutation in mice has proven to be

lethal at an early embryonic stage in male mice in this

model [14]. However, tissue-specific or cell-specific dele-

tion of the Pdha1 gene encoding the a subunit of PDH can

allow fetal development and postnatal survival of males to

enable investigation of its impact on glucose and lipid

metabolism [16, 17].

In the present study, we generated liver-specific deletion

of the Pdha1 gene by breeding females (Pdha1flox8/flox8

genotype) with liver-specific albumin/Cre expressing

transgenic males [18] to create liver-specific PDC defi-

ciency. The consequences of loss of liver PDC activity on

whole body and tissue-specific carbohydrate and lipid

metabolism in affected male mice were investigated using

complementary in vitro and in vivo approaches. The results

presented here show that whole body insulin sensitivity

was increased and there are specific alterations in glucose

and lipid metabolism in both the liver and adipose tissue in

male mice with near complete PDC deficiency in the liver

only.

Materials and Methods

Animals

All experiments were conducted in accordance with the

Guide for the Use and Care of Laboratory Animals and

approved by the Institutional Animal Care and Use Com-

mittee of University at Buffalo. Mice were housed under

controlled temperature (22 ± 2�C) and lighting (12-h light;

0700–1900 h, 12-h dark; 1900–0700 h) with free access to

water and a standard rodent laboratory diet (Harlan Teklad,

Madison, WI). Generation of male and female mice har-

boring the Pdha1flox8 allele(s) were done as described

previously [14]. Briefly, two loxP sites were introduced

into intronic sequences flanking exon 8 to generate the

Pdha1flox8 allele. Progeny carrying the Pdha1flox8 allele

was intrabred to produce a line of animals that carried only

the Pdha1flox8 allele. To initiate deletion of exon 8 in vivo

in liver, homozygous Pdha1flox8/flox8 females were bred

with males from C57BL/6-TgN9AlbCre)21Mgn transgenic

line obtained from the Jackson Laboratory which carried an

autosomally integrated Cre gene with liver-specific

(hepatocyte-specific) albumin promoter [18]. For in vivo

studies including body composition, energy balance and

hyperinsulinemic euglycemic clamp study, male mice were

maintained and studied in accordance with the Institutional

Animal Care and Use Committee of Yale University

School of Medicine. All of the experiments in this study

were performed with 3–4 month-old male mice, and unless

otherwise indicated all studies were performed in fed mice.

Genotype Analysis

Tail DNA from progeny were isolated as per manufacturer’s

protocol (OmniprepTMI, Genotechnolgy, Inc.) and amplified

using a Pdha1 sense primer 50 AGCAGCCAGCACGGA

CTACT 30 and antisense primer 50 GCAGCCAAACAGA

TTACACC 30 and Cre primers sense 50 GCATTTCTGG

GGATTGCTTA 30 and an antisense 50 CCCGGCAAAAC

AGGTAGTTA 30 [14]. Animals in the fed state were deeply

anesthetized, killed by decapitation, the livers were quickly

removed, frozen in liquid nitrogen and stored at -70�C. A

portion of the liver was processed for isolation of genomic

DNA and polymerase chain reaction was carried out as

described [14]. Thermal cycle consisted of initial denatur-

ation at 95�C for 10 min, followed by 35 cycles of 1 min

denaturation at 95�C, 1 min annealing at 68�C, 1.5 min

extension at 72�C after a final extension at 72�C for 10 min,
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25 ll of the final reaction was mixed with 15 ll of gel

loading buffer and electrophoresed on 1% agarose gel

stained with ethidium bromide.

Enzyme Activities and Protein Detection

For the assay of ‘total’ PDC activity, tissues from fed male

mice were homogenized in KCl-MOPS buffer containing

protease inhibitors. After three freeze–thaw cycles and

centrifugation, samples were dephosphorylated with

recombinant rat phospho-PDH phosphatase [19, 20], and

stored at -80�C. Total PDC activity was determined by the

production of 14CO2 from [1-14C]pyruvate [19]. PDC

activity is expressed as munits/mg protein. For measure-

ment of glycogen synthase activities, tissues were

homogenized in ice-cold 50 mM Tris–HCl, pH 7.8 con-

taining 100 mM NaF, 10 mM EDTA and a cocktail of the

protease inhibitors and centrifuged at 15009g for 5 min.

Glycogen synthase activities (active and total forms) were

measured in the supernatants using UDP-[U-14C]glucose

[21] and are expressed as nmol of UDP-glucose incorpo-

rated/min/mg soluble protein. Activity ratio is ratio of the

‘active’ to ‘total’ form of glycogen synthase activity. Tis-

sue glycogen content was measured according to Lo et al.

[22]. Proteins were measured using BioRad kit (Bio-Rad,

Hercules, CA). To detect pyruvate dehydrogenase (PDH)

proteins (a and b subunits) in solubilized tissue extracts,

aliquots (20 lg of protein) were size fractionated on SDS-

PAGE, transferred to nitrocellulose membrane, probed

with a polyclonal anti-PDH rabbit primary antibody [19]

and goat anti-rabbit IgG (H ? L)-horse radish peroxidase

conjugate secondary antibody. A purified mammalian PDH

preparation was used as an internal molecular weight

marker. Proteins bands were visualized by chemilumines-

cence method.

Body Composition and Whole Body Energy Balance

Fat and lean body masses were assessed by 1H magnetic

resonance spectroscopy (Bruker BioSpin, Billerica, MA).

Metabolic measurements of unrestrained activity, energy

expenditure, and food consumption were determined using

a Comprehensive Animal Metabolic Monitoring System

(CLAMS: Columbus instruments, Columbus, OH). Energy

expenditure and food consumption data were normalized

with respect to body weight. Energy expenditure was cal-

culated from the gas exchange data using the following

formula: Energy expenditure = (3.815 ? 1.232 * RQ) *

VO2. Respiratory quotient (RQ) is the ratio of VCO2 to

VO2, which changes depending on the energy source the

animal is using. Locomotor activity was measured on x and

z-axis using infrared beams to count the amount of beam

breaks during the specified measurement period. Feeding

was calculated from the change in the weight of chow in

the Center-Feeder with respect to time.

In Vitro Synthesis of Fatty Acids

For study of lipogenesis in vitro, 3–4 month-old male mice

were first fasted for 24 h and then refed for 24 h. Liver

slices and pieces of adipose tissue (about 100 mg) were

incubated in a sealed flask containing 3 ml of Krebs–

Ringer bicarbonate buffer, pH 7.4, containing 0.5 mM

CaCl2, 0.3 U insulin and 50 mM glucose (3 lCi D-

[U-14C]glucose) or 10 mM [U-14C]acetate plus 50 mM

glucose at 37�C for 3 h. 14CO2 was trapped and radioac-

tivity was determined using a Beckman LS 6500 counter

[23, 24]. Lipids from liver slices and pieces of adipose

tissue were extracted with chloroform–methanol (2:1, v/v),

saponified with alcoholic KOH, fatty acids fraction

extracted with petroleum ether, and radioactivity was

determined [23].

Hyperinsulinemic-Euglycemic Clamp

Seven days prior to the hyperinsulinemic-euglycemic

clamp studies, indwelling catheters were placed into the

right internal jugular vein extending to the right atrium.

After an overnight fast, [3-3H]glucose (high pressure liquid

chromatography purified; Perkin Elmer, Boston, MA) was

infused at a rate of 0.05 lCi/min for 2 h to assess the basal

glucose turnover. Following the basal period, hyper-

insulinemic-euglycemic clamp was conducted for 120 min

with a primed/continuous infusion of human insulin

(126 pmol/kg prime, 18 pmol/kg/min infusion) [25]. To

estimate insulin-stimulated whole body glucose fluxes,

[3-3H]glucose was infused at a rate of 0.1 lCi/min

throughout the clamps [25]. Rates of basal and insulin-

stimulated whole-body glucose turnover and hepatic glu-

cose production were determined as described [26]. Whole

body glycolysis was calculated from the rate of increase in

plasma 3H2O concentration divided by the specific radio-

activity of plasma D-[3-3H]glucose [26]. Whole body gly-

cogen synthesis was estimated by subtracting whole body

glycolysis from whole body glucose uptake, assuming that

glycolysis and glycogen synthesis account for the majority

of insulin-stimulated glucose uptake [27]. Additional blood

samples were obtained for the measurement of plasma

insulin and free fatty acid (FFA) concentrations at the end

of basal and clamp periods.

Data Analysis and Presentation of Results

All results are expressed as means ± SEM of ‘n’ obser-

vations. Statistical differences between the means were

accessed by Student’s t-test.
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Results

Characterization of Liver-Specific Pdha1 Knockout

Mice

Breeding of targeted homozygous females (Pdha1flox8/flox8)

with liver-specific wild-type alb-Cre? (Pdha1wt/Y;

Creliver?) transgenic males resulted in male mice in

the progeny with two different genotypes: Pdha1flox8/Y,

Creliver- (wild-type control mice) and Pdha1Dex8/Y,

Creliver? [liver-specific PDH knockout (L-PDHKO) mice].

Only male progeny was used in this study because females

carrying the Cre transgene would have variable expression

of the normal allele due to Lyonization (random inactiva-

tion of the one of the two chromosome X). Initially the

presence or absence of the Cre transgene in these mice was

determined by PCR method using the tail DNA, and later it

was confirmed by the same method using liver DNA.

Polymerase chain reaction analysis of liver DNA from

L-PDHKO mice (Pdha1Dex8/Y, Creliver?) showed near

complete deletion ([95%) of the Pdha1 gene compared to

that from the wild-type control mice (Fig. 1a). Deletion of

the loxP-flanked exon 8 by Cre recombinase resulted in the

amplification of a 400 base pair product in the L-PDHKO

mice whereas a 800 base pair amplification product was

generated from the targeted Pdha1flox8 allele of the wild-

type control mice (Fig. 1a). As expected, there was no

deletion in the Pdha1flox8 allele in the skeletal muscle, heart

and epididymal adipose tissue from the L-PDHKO mice

(Fig. 1b).

There was no noticeable embryonic lethality (as evident

from normal litter size) and the L-PDHKO mice were

obtained with the expected frequency among male prog-

eny. Newborn male L-PDHKO mice were indistinguish-

able from other littermates.

As predicted based on the results of polymerase chain

reaction analysis, there was near complete loss of ‘total’

PDC activity in livers from L-PDHKO male mice com-

pared to wild-type control male mice (Table 1). To further

investigate the effect of deletion of the liver Pdha1 allele in

the knockout mice on the a and b subunits of the PDH

component of the PDC, liver extracts were subjected to

Western blot analysis using anti-PDH antibodies. Levels of

both the a and b subunits of the PDH component were

reduced to undetectable level in the liver extracts from the

L-PDHKO male mice compared with wild-type control

mice (Fig. 2). This finding is consistent with our previous

observations that patients with genetic defects in the

PDHA1 gene only showed the loss of both the a and b
subunit proteins of PDH due to instability of the b subunit

in the absence of the a subunit in the mitochondrial prep-

arations [13]. As expected, the levels of these two proteins

in skeletal muscle, heart and epididymal adipose tissue

extracts from the two groups of mice were very similar

(results not shown), indicating no effect of liver-specific

deletion of the Pdha1 on the levels of PDH proteins in

other tissues.

Liver-Specific PDC Deficiency on Fat Mass, Energy

Expenditure and Glycogen Stores

Adult L-PDHKO mice had lower whole body weight (by

12%) compared with wild-type control mice. Nuclear

magnetic resonance analysis of body composition sug-

gested that this was a consequence of a reduction in fat and

lean mass by 33 and 9%, respectively (Table 1), compared

with age-matched wild-type control mice. In order to fur-

ther evaluate the reduction in body weight and fat mass

[despite increased food intake], energy balance of the mice

was assessed in an animal metabolic monitoring system for

4 days (2 days of acclimation followed by 2 days of

measurements). L-PDHKO mice showed increased energy

expenditure by 10% (p \ 0.05) while locomotor activity

Fig. 1 Polymerase chain reaction amplification of chromosomal

DNA of wild-type control (Pdha1flox8/Y, Creliver-) and L-PDHKO

(Pdha1Dex8/Y, Creliver?) male mice in the fed state. a In case of liver

DNA from the controls, the Pdha1 primers produced a 800 bp

product (lanes 1–3 for three different control littermate male mice)

whereas the same primers produced a 400 bp product (lanes 4–6) with

liver DNA from three L-PDHKO male mice indicating deletion of

exon 8 in the Pdha1 gene. b Polymerase chain reaction amplification

of DNA from different tissues. Lanes with odd numbers are for a

L-PDHKO mouse and even numbers are for a wild-type control

mouse. Liver (L lanes 1 and 2 ), skeletal muscle (M lanes 3 and 4),

heart (H lanes 5 and 6 ), and adipose tissue (A lanes 7 and 8 ).

M indicates DNA ladder lane in both the gels
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did not differ in both groups (p = 0.1) (Table 1). However,

when recalculated with respect to lean body mass, there

was no difference in energy expenditure and food intake

between groups (energy expenditure: 19.0 ± 1.1 vs.

20.0 ± 1.7 (WT vs. KO, p = 0.624) and food intake:

6.68 ± 0.29 vs. 7.69 ± 0.68 (WT vs. KO, p = 0.1997).

Interestingly, the glycogen content in the liver was

significantly higher in L-PDHKO mice compared with

wild-type control mice (Table 1) despite no change in the

activity level of active glycogen synthase as well as percent

active form of the enzyme in livers of L-PDHKO mice

(Table 1). In contrast to the liver, the levels of glycogen in

skeletal muscle from both the groups did not differ sig-

nificantly (Table 1).

In Vitro Analysis of Lipogenesis

To investigate the consequence of L-PDHKO (and hence

PDC function) on in vitro fatty acid biosynthesis, the

incorporation of radioactive two-carbon fragments derived

from D-[U-14C]glucose or [U-14C]acetate by liver slices

was measured. The oxidation of either of these two labeled

substrates to 14CO2 by liver slices was not significantly

different between the two groups of mice (Table 2). As

predicted based on nearly complete absence of PDC

activity, the incorporation of labeled two-carbon fragments

generated from D-[U-14C]glucose via the action of PDC

into fatty acids was completely absent in liver slices from

L-PDHKO mice compared with wild-type control mice

(Table 2). As expected, the oxidation of [U-14C]acetate to
14CO2 and its incorporation into fatty acids by liver slices

were similar between the two groups of mice, indicating

that the pathway involving the biosynthesis of fatty acids

from acetyl-CoA was not affected in the livers from

L-PDHKO mice.

Since liver and adipose tissue are two major organs

responsible for fatty acid synthesis, we speculated if there

would be a compensatory increase in fatty acid synthesis in

adipose tissue of L-PDHKO mice. Indeed, there was a

marked increase in the incorporation of two-carbon frag-

ments from both D-[U-14C]glucose (about 2.5-fold) and

[U-14C]acetate (about fourfold) into fatty acids by epidid-

ymal adipose tissue from L-PDHKO male mice compared

with wild-type control mice. There was also a significant

increase in the oxidation of [U-14C]acetate only to 14CO2

by adipose tissue from L-PDHKO mice compared with

wild-type control mice (Table 2), and could account for

increased energy needs for increased lipid biosynthesis

which cannot be obtained from glucose oxidation.

Hyperinsulinemic-Euglycemic Clamp in Liver-PDHKO

Mice

In the fed and fasting conditions, the plasma levels of

glucose and insulin in the L-PDHKO mice were not dif-

ferent from that of the littermate control male mice

(Table 3). To further evaluate the role of hepatic PDC

Table 1 Body weights and

basal energy metabolic

parameters from littermate wild-

type control and L-PDHKO

mice

The results are means ± SEM

(n as shown)

*p \ 0.05, **p \ 0.01,

***p \ 0.001 versus wild-type

Parameter Wild-type L-PDHKO

Body weight (g) 36.3 ± 1.4 (11) 31.8 ± 1.1 (10)*

Fat mass (g) 5.04 ± 0.66 (11) 3.36 ± 0.29 (10)*

Lean body mass (g) 26.14 ± 0.77 (11) 23.67 ± 0.84 (10)*

Energy expenditure (kcal/kg/h) 14.5 ± 0.4 (6) 16.0 ± 0.5 (6)*

Food intake (g/kg/h) 5.2 ± 0.4 (6) 5.8 ± 0.5 (6)*

Locomotor activity (counts) 73.1 ± 16.2 (6) 46.8 ± 4.9 (6)

Liver PDC (total) activity (mU/mg protein) 5.8 ± 0.2 (8) 0.08 ± 0.02 (8)***

Liver glycogen (mg/g) 55.2 ± 3.9 (9) 74.9 ± 4.4 (11)**

Muscle glycogen (mg/g) 7.9 ± 1.3 (4) 9.5 ± 1.0 (4)

Liver glycogen synthase active (mU/mg protein) 191 ± 2 (5) 175 ± 16 (5)

Liver glycogen synthase activity ratio (active/total) 0.60 0.66

Fig. 2 Western blot analysis of PDH proteins in solubilized liver

homogenates from wild-type control and L-PDHKO male mice in the

fed state. Immunoblot analysis of liver homogenates indicating lack

of PDH proteins (a and b subunits) in livers from three L-PDHKO

male mice. (Pdha1Dex8/Y Creliver?; lanes 1–3) in comparison to three

wild-type male mice (Pdha1flox8/Y Creliver-; lanes 4–6). M purified

PDH proteins [a (41 kDa) and b (36 kDa) subunits with a degraded

lower molecular weight immunoreactive product]
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deficiency on insulin action of glucose metabolism in vivo,

we performed a 2-h hyperinsulinemic-euglycemic clamp in

awake mice. During the clamp, plasma insulin was raised

to *360 pM (Table 3) and plasma glucose was clamped at

*6.5 mM in both groups (Fig. 3a). Plasma free fatty acid

(FFA) concentrations were suppressed similarly in both

groups by the insulin infusion (Fig. 3e, Table 3).

L-PDHKO mice had increased whole body insulin sensi-

tivity, as reflected by 60% higher glucose infusion rates

required to maintain plasma glucose during the steady state

of clamp as compared with the wild-type control group

(Fig. 3b). This was accounted for by a 70% increase in

insulin-induced suppression of hepatic glucose production

(Fig. 3c) and a 23% increase in insulin-stimulated whole

body glucose uptake (Fig. 3d). The increased whole body

glucose uptake in the L-PDHKO group was accompanied

by 45% increased glycogen synthesis rate, as compared

with the wild-type control group (Fig. 3d).

Discussion

Our current understanding of the PDC regulatory mecha-

nisms has been derived from both purified PDC prepara-

tions as well as by a variety of in vitro and in vivo

experimental techniques employed for investigations of the

carbon-flux via PDC in the liver under different dietary

and/or hormonal conditions. In the present study, the

generation of L-PDHKO mice has allowed us to reassess

the known role of PDC in the disposal of glucose-carbons

for energy production and lipid biosynthesis in the liver

during the absorptive state and to uncover an unexpected

compensatory effect on lipid synthesis in adipose tissue.

Furthermore, L-PDHKO male mice showed improved

insulin sensitivity in both the liver and peripheral tissues.

Since PDC is the only known reaction to generate

acetyl-CoA from pyruvate, there was, as expected, no

incorporation of 14C from D-[U-14C]glucose into long-

chain fatty acids by liver slices from the L-PDHKO mice.

Unexpectedly, there was a compensatory increase in lipo-

genesis from glucose in epididymal adipose tissue from the

L-PDHKO mice. The mechanism by which this adaptive

increase in lipogenic capacity is increased in adipose tissue

in the L-PDHKO mice remains to be investigated. Under in

vitro conditions, the oxidation of D-[U-14C]glucose to
14CO2 was not reduced in liver slices from the L-PDHKO

mice compared to the controls largely due to (i) the use of

D-[U-14C]glucose (1-14C of glucose can be converted to
14CO2 via the pentose phosphate pathway) and (ii) possi-

bly an increased flux of [U-14C]pyruvate (derived from

Table 2 In vitro oxidation to 14CO2 and incorporation into fatty acids of [U-14C]glucose and [U-14C]acetate in liver slices and pieces of

epididymal adipose tissue from wild-type control and L-PDHKO male mice

Tissue Substrates Animals 14CO2
14C-fatty acids

Liver [U-14C]Glucose Wild-type 307 ± 3 (8) 49.8 ± 12.5 (8)

L-PDHKO 335 ± 66 (8) 0 (8)**

Liver [U-14C]Acetate?Glucose Wild-type 255 ± 67 (6) 23.1 ± 8.4 (6)

L-PDHKO 202 ± 28 (6) 17.8 ± 2.7 (6)

Adipose tissue [U-14C]Glucose Wild-type 3375 ± 300 (8) 635 ± 106 (6)

L-PDHKO 3717 ± 308 (8) 1575 ± 457 (6)*

Adipose tissue [U-14C]Acetate?Glucose Wild-type 329 ± 34 (6) 334 ± 143 (6)

L-PDHKO 615 ± 89 (5)* 1281 ± 334 (6)*

The results (nmol/g wet wt/3 h) are means ± SEM (n as shown)

*p \ 0.01, **p \ 0.001

Table 3 Plasma glucose, insulin and free fatty acid from wild-type control (WT) and L-PDHKO mice

Parameter Fasted Fed Clamp

WT L-PDHKO WT L-PDHKO WT L-PDHKO

Glucose (mg/dl) 137 ± 4 (9) 133 ± 9 (9) 218 ± 7 (9) 205 ± 11 (11) 122 ± 3 (6) 112 ± 3 (10)

Insulin (lU/ml) 16.6 ± 1.6 (9) 14.4 ± 1.2 (10) 24.3 ± 9.3 (4) 19.8 ± 3.0 (4) 59.6 ± 6.8 (8) 61.0 ± 3.8 (9)

Fatty acids (mequiv/l) 0.93 ± 0.09 (9) 0.82 ± 0.09 (10) nd nd 0.56 ± 0.08 (8) 0.47 ± 0.06 (9)

The results are means ± SEM (n as shown)

nd not determined
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D-[U-14C]glucose) for carboxylation via pyruvate carbox-

ylase and subsequent cycling in the tricarboxylic acid

(TCA) cycle.

Hepatic glycogen can be formed either by a direct

pathway or by an indirect pathway from gluconeogenic

precursors [1, 3, 4]. In the fed state, glucose produced via

gluconeogenesis is shunted into glycogen synthesis rather

than being released by glucose-6-phosphatase and can also

contribute to the measured ‘‘indirect pathway’’ [4]. Evi-

dence indicates that a delayed reactivation of PDC in

several extrahepatic tissues as well as in the liver is

important for the provision of carbon-precursors for hepatic

gluconeogenesis (primarily for glycogen deposition) and

also for restricting hepatic lipogenesis from dietary car-

bohydrates during the immediate absorptive period after a

glucose load to 48-h starved rats [5, 6, 9]. A gradual

reactivation of PDC in the liver as well as in other tissues

after feeding allows the utilization of diet-derived glucose

for the biosynthesis of lipids and/or energy production.

Even a low rate of decarboxylation of pyruvate via PDC

(due to a delayed reactivation) during the first 2 h after

refeeding of fasted normal rats can reduce the availability

of pyruvate for gluconeogenesis plus glycogenesis in the

liver. This diversion of pyruvate via PDC, however, could

not occur in the L-PDHKO mice in this study and hence

may explain an increased hepatic glycogen level observed

in the L-PDHKO mice in fed condition.

Liver-specific Pdha1 deletion resulted in significant

changes in metabolic fuel regulation in the liver and adi-

pose tissue. As anticipated, the blood glucose levels in

L-PDHKO mice were not different from that of control

mice in the fed condition because glucose utilization by the

liver represents only a small fraction of the total glucose

metabolism in vivo. To maintain TCA cycle flux and to

compensate for this loss of PDC-derived acetyl-CoA in the

liver of L-PDHKO mice, it is suggested that a comparable

increase in acetyl-CoA production from fatty acids and

possibly some amino acids must occur to support energy

need for other biosynthetic processes in the liver. At the

whole body level, the increased rates of fatty acid synthesis

in the adipose tissue of L-PDHKO mice may be a com-

pensatory mechanism to adjust to the need to increase the

Fig. 3 Hepatic and peripheral

insulin sensitivity in wild-type

control and L-PDHKO male

mice after an overnight fast.

Hepatic and peripheral insulin

sensitivities were assessed by

means of hyperinsulinemic-

euglycemic clamps. a Plasma

glucose levels during the clamp,

b Glucose infusion rates,

c Hepatic glucose production,

d Whole body glucose uptake,

whole body glycolysis and

whole body glycogen synthesis,

e Plasma free fatty acid levels.

The results are expressed as

means ± SEM for 6 wild-type

(WT) and 8-9 L-PDHKO (KO)

mice. *p \ 0.05 vs. wild-type
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hepatic flux of fatty acids into the TCA cycle. The similar

levels of plasma FFA levels, as well as decreased whole-

body fat mass, suggests that the increased adipose FFA

synthesis rates are balanced possibly by the increased rates

of hepatic FFA utilization.

The complete loss of hepatic PDC activity resulted in

elimination of de novo hepatic FFA synthesis from glucose-

carbon (Table 2), and possibly combined with an increased

flux of FFA into acetyl-CoA as an alternate source may

explain the increased insulin sensitivity of the liver in the

L-PDHKO mice, as reflected in the greater suppression of

hepatic glucose production. Recently, it has been shown

that fatty acid-induced hepatic insulin resistance is associ-

ated with increased diacylglycerol concentrations and

activation of PKCe by diacylglycerol [28, 29]. The

increased demand by the L-PDHKO mice for circulating

FFA to maintain normal rates of hepatic mitochondrial

oxidative phosphorylation could lead to a decrease in FFA

metabolites that are thought to activate PKCe and lead to

changes in hepatic insulin sensitivity. At the whole-body

level, we also observed an increase in insulin-stimulated

peripheral glucose metabolism in the L-PDHKO mice.

Under these clamp conditions, increases in oxidative and

non-oxidative glucose disposal are chiefly by muscle and

adipose tissue. The 23% increase in glucose uptake may be

accounted for by the *twofold increase in lipogenesis from

glucose in adipose tissue and the 45% increase in whole

body glycogen synthesis. In summary, it is suggested that

the increased utilization of FFA by the liver to maintain

normal rates of oxidative phosphorylation led to increased

insulin sensitivity in peripheral tissues as well as liver.

Acknowledgments This work was supported by grants from the

U.S. Public Health Service [DK20478 (MSP), DK71071 (GWC) and

U24 DK59635 (CSC and GWC)] and the National Organization of

Rare Disorders (MSP). We thank Dr. Gail Willsky of University at

Buffalo for critical reading of this manuscript.

References

1. Katz J, McGarry JD (1984) The glucose paradox: Is glucose a

substrate for liver metabolism? J Clin Invest 74:1901–1909

2. Granner D, Pilkis S (1990) The genes of hepatic glucose

metabolism. J Biol Chem 265:10173–11017

3. Newgard CB, Hirsch LJ, Foster DW, McGarry JD (1983) Studies

on the mechanism by which exogenous glucose is converted into

liver glycogen in the rat: a direct or an indirect pathway? J Biol

Chem 258:8046–8052

4. Shulman GI, Rossetti L, Rothman DL, Blair JB, Smith D (1987)

Quantitative analysis of glycogen repletion by nuclear magnetic

resonance spectroscopy in the conscious rat. J Clin Invest

80:387–393

5. Sugden MS, Holness MJ (2003) Recent advances in mechanisms

regulating glucose oxidation at the level of the pyruvate dehy-

drogenase complex by PDKs. Am J Physiol Endocrinol Metab

284:E855–E862

6. Holness MJ, French TJ, Sugden MC (1986) Hepatic glycogen

synthesis on carbohydrate re-feeding after starvation. Biochem J

235:441–445

7. Harris RA, Bowker-Kinley MM, Huang B, Wu P (2002) Regu-

lation of the activity of the pyruvate dehydrogenase complex.

Adv Enzyme Regul 42:249–259

8. Patel MS, Korotchkina LG (2003) The biochemistry of the

pyruvate dehydrogenase complex. Biochem Mol Biol Educ

1:5–15

9. Schummer CM, Werner U, Tennagels N, Schmoll D, Haschke G,

Juretschke H-P, Patel MS, Gerl M, Kramer W, Herling AW

(2008) Dysregulated pyruvate dehydrogenase complex in Zucker

diabetic fatty rats. Am J Physiol Endocrinol Metab 294:E88–E96

10. Lissens W, De Meirleir L, Seneca S, Liebaers I, Brown GK,

Brown RM, Ito M, Naito E, Kuroda Y, Kerr DS, Wexler ID, Patel

MS, Robinson BH, Seyda A (2000) Mutations in the X-linked

pyruvate dehydrogenase (E1) alpha subunit gene (PDHA1) in

patients with a pyruvate dehydrogenase complex deficiency. Hum

Mutat 15:209–219

11. Robinson BH (2001) Lacticacidemia: disorders of pyruvate car-

boxylase and pyruvate dehydrogenase. In: Scriver CR, Sly WS,

Valle D, Beaudet AL (eds) Metabolic and molecular basis of the

inherited disease, 7th edn. McGraw-Hill, New York,

pp 2275–2295

12. Brown RM, Dahl HHM, Brown GK (1989) X-chromosome

location of the functional gene for the E1a submit of the human

pyruvate dehydrogenase complex. Genomics 4:174–181

13. Patel MS, Harris RA (1995) a-Ketoacid dehydrogenase com-

plexes: gene regulation and genetic defects. FASEB J

9:1164–1172

14. Johnson MT, Mahmood S, Hyatt SL, Yang HS, Soloway PD,

Hanson RW, Patel MS (2001) Inactivation of the murine pyruvate

dehydrogenase (Pdha1) gene and its effect on early embryonic

development. Mol Genet Metab 74:293–302

15. Takakubo F, Dahl HH (1992) The expression pattern of the

pyruvate dehydrogenase E1 alpha subunit genes during sper-

matogenesis in adult mouse. Expt Cell Res 199:39–49

16. Pliss L, Pentney RJ, Johnson MT, Patel MS (2004) Biochemical

and structural brain alterations in female mice with ‘‘cerebral’’

pyruvate dehydrogenase deficiency. J Neurochem 91:1082–1091

17. Sidhu S, Gangasani A, Korotchkina LG, Suzuki G, Fallavollita

JA, Canty JM Jr, Patel MS (2008) Tissue-specific pyruvate

dehydrogenase complex deficiency causes cardiac hypertrophy

and sudden death of weaned male rats. Am J Physiol Heart Circ

Physiol 295:H946–H952

18. Postic C, Shiota M, Niswender KD, Jetton TL, Chen Y, Moates

M, Shelton KD, Linder J, Cherrington AD, Magnuson MA (1999)

Dual roles for glucokinase in glucose homeostasis as determined

by liver and pancreatic beta cell-specific gene knock-outs using

Cre recombinase. J Biol Chem 274:305–315

19. Kerr DS, Ho L, Berlin CM, Lanoue KF, Towfighi J, Hoppel CL,

Lusk MM, Gondek CM, Patel MS (1987) Systemic deficiency of

the first component of the pyruvate dehydrogenase complex.

Pediatr Res 22:312–318

20. Korotchkina LG, Sidhu S, Patel MS (2006) Characterization of

testis-specific isoenzyme of human pyruvate dehydrogenase.

J Biol Chem 281:9688–9696

21. Thomas JA, Schlender KK, Larner J (1968) A rapid filter paper

assay for UDP-glucose glycogen glucosyltransferase, including

an improved biosynthesis of UDP-14C-glucose. Anal Biochem

25:486–499

22. Lo S, Russel JC, Taylor AW (1970) Determination of glycogen in

small tissue samples. J Applied Physiol 28:234–236

23. Patel MS, Jomain-Baum M, Ballard FJ, Hanson RW (1971)

Pathway of carbon flow during fatty acid synthesis from lactate

and pyruvate in rat adipose tissue. J Lipid Res 12:179–191

994 Lipids (2010) 45:987–995

123



24. Kaplan ML, Leveille GA (1981) Development of lipogenesis and

insulin sensitivity in tissues of the ob/ob mouse. Am J Physiol

Endocrinol Metab 240:E101–E107

25. Samuel VT, Choi CS, Phillips TG, Romanelli AJ, Geisler JG,

Bhanot S, McKay R, Monia B, Shutter JR, Lindberg RA, Shul-

man GI, Veniant MM (2006) Targeting foxo1 in mice using

antisense oligonucleotide improves hepatic and peripheral insulin

action. Diabetes 55:2042–2050

26. Choi CS, Fillmore JJ, Kim JK, Liu Z, Kim S, Kulkarni A,

Distefano A, Hwang Y, Kahn M, Chen Y, Yu C, Moore IK,

Reznick RM, Higashimori T, Collier EF, Shulman GI (2007)

Overexpression of uncoupling protein 3 in skeletal muscle pro-

tects against fat-induced insulin resistance. J Clin Invest

117:1995–2003

27. Rossetti L, Giaccari A (1990) Relative contribution of glycogen

synthesis and glycolysis to insulin-mediated glucose uptake. A

dose-response euglycemic clamp study in normal and diabetic

rats. J Clin Invest 85:1785–1792

28. Samuel VT, Liu ZX, Qu X (2004) Mechanism of hepatic insulin

resistance in non-alcoholic fatty liver disease. J Biol Chem

279:32345–32353

29. Neschen S, Morino K, Hammond LE, Zhang D, Liu ZX,

Romanelli AJ, Cline GW, Pongratz RL, Zhang XM, Choi CS,

Coleman RA, Shulamn GI (2005) Prevention of hepatic steatosis

and hepatic insulin resistance in mitochondrial acyl-CoA:glyc-

erol-sn-3-phosphate acyltransferase 1 knockout mice. Cell Metab

2:55–63

Lipids (2010) 45:987–995 995

123



ORIGINAL ARTICLE

Inhibition of Insulin and T3-Induced Fatty Acid Synthase
by Hexanoate

Murielle M. Akpa • Floriane Point •

Sabine Sawadogo • Anne Radenne •

Catherine Mounier

Received: 8 April 2010 / Accepted: 6 August 2010 / Published online: 1 September 2010

� AOCS 2010

Abstract Fatty acid synthase (FAS) is responsible for the

de novo synthesis of palmitate and stearate. This enzyme is

activated by insulin and T3, and inhibited by fatty acids. In

this study, we show that insulin and T3 have an inducing

effect on FAS enzymatic activity, which is synergetic when

both hormones are present. Octanoate and hexanoate spe-

cifically inhibit this hormonal effect. A similar inhibitory

effect is observed at the level of protein expression.

Transient transfections in HepG2 cells revealed that hex-

anoate inhibits, at least in part, FAS at a transcriptional

level targeting the T3 response element (TRE) on the FAS

promoter. The effect of C6 on FAS expression cannot be

attributed to a modification of insulin receptor activation or

to a decrease in T3 entry in the cells. Using bromo-hexa-

noate, we determined that hexanoate needs to undergo a

transformation in order to have an effect. When incubating

cells with triglyceride–hexanoate or carnitine–hexanoate,

no effect on the enzymatic activity induced by insulin and

T3 is observed. A similar result was obtained when cells

were incubated with betulinic acid, an inhibitor of the

diacylglycerol acyltransferase. However, the incubation of

cells with Triacsin C, a general inhibitor of acyl-CoA

synthetases, completely reversed the inhibitory effect of

hexanoate. Our results suggest that in hepatic cells,

hexanoate needs to be activated into a CoA derivative in

order to inhibit the insulin and T3-induced FAS expression.

This effect is partially transcriptional, targeting the TRE on

the FAS promoter.

Keywords Fatty acid synthase � Insulin � T3 � Medium

chain fatty acids � Hexanoate � Acylation � Transcription

Abbreviations

CEH Chick embryo hepatocyte

CPT1 Carnitine palmitoyl transferase 1

C6 Hexanoate

C8 Octanoate

DGAT Diacylglycerol transferase

ERK Extracellular signal regulated kinase

FAS Fatty acid synthase

IR Insulin receptor

IRE Insulin response element

KPi Potassium phosphate

MAPK Mitogen activated protein kinase

MCFA Medium chain fatty acid(s)

NADPH Nicotinamide adenine dinucleotide

phosphate

PI3-Kinase Phosphatidyl-inositol-3 phosphate kinase

PUFA Polyunsaturated fatty acid(s)

PY Phospho-tyrosine

SREBP-1c Sterol regulatory element binding protein

T3 Triiodothyronine

TBS Tris-buffered saline

TBST Tris-buffered saline Tween-20

TG Triglyceride

TK Thymidine kinase

TR Thyroid hormone receptor

TRE T3 response element

M. M. Akpa � F. Point � S. Sawadogo � A. Radenne �
C. Mounier (&)
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Introduction

Most fatty acids found in the diet have 14 or more carbons

while medium chain fatty acids (MCFA) have a 6–10

carbon-chain. Large amounts of MCFA are found in

coconut and palm kernel oil, representing more than 50%

of the fatty acids [1]. They are also present in bovine milk,

representing 4–12% of the total lipid content. However,

their presence in milk depends on the genetic background,

the stage of lactation and the diet of the animal [2].

Metabolism of MCFA in the liver is quite different from

longer chain fatty acids. MCFA rapidly cross the mito-

chondrial barrier and do not required the carnitine palmi-

toyl transferase I (CPTI) for this transport. Subsequently,

MCFA are activated by medium-chain acyl CoA synthase,

forming CoA derivatives [3]. Their esterification is limited

[4]. They are mainly oxidized, behaving more like glucose

than fat [5]. However, in humans, they not only served as a

source of energy, but can also be reesterified and deposited

in the adipose tissue [6]. In addition, a study performed in

rat showed that animals fed with medium chain triglycer-

ides show a large number of triglycerides and phospho-

lipids containing MCFA in adipose tissue [7].

Medium chain fatty acids have been used for more than

50 years in clinical nutrition to treat pancreatic insuffi-

ciency and fat malabsorption [8]. They have also been

added to infant formulas, improving the energy intake that

can be metabolized [6]. MCFA may have several impli-

cations in human health, including a decrease in fasting [9]

and postprandial plasma lipid concentration [10], and in

body weight [11], as well as an increase in insulin sensi-

tivity [12]. In rats, the effect of MCFA on body weight

appears to be mediated, by down regulation of adipogenic

genes and PPARc, as well as by inhibition of lipogenesis in

adipocytes [7]. The effect on hepatic de novo lipid syn-

thesis remains, however, to be demonstrated.

In contrast to rodents, lipogenesis in humans as in birds

takes place mainly in the liver [13]. There are two central

lipogenic enzymes that are tightly regulated by hormones

and nutrients. Acetyl-CoA carboxylase (ACC) synthesizes

malonyl-CoA from acetyl-CoA, which is in turn converted

by fatty acid synthase (FAS) (EC.2.3.1.85) into long chain

saturated fatty acids. FAS is expressed mainly in the liver

and the brain. In vertebrates, FAS is a homodimer made of

two peptide chains of about 260 kDa each [14, 15]. It is

located in the cytoplasm of the cell [16]. In the presence of

nicotinamide adenine dinucleotide phosphate (NADPH),

this multifunctional enzymatic complex is responsible for

the production of palmitate, a long chain saturated fatty

acid, using acetyl-CoA and malonyl-CoA as building

blocks. A single gene that gives rise to one mRNA in

mouse and two in chicken and rat, due to alternative

splicing, encodes FAS [17, 18].

In the liver, the activity of FAS, like most lipogenic

enzymes [19], is regulated through nutrients and hormones.

Starvation causes decreased activity of the enzyme, and

refeeding restores it [20, 21]. A similar effect of refeeding

is also observed on the mRNA expression level and sta-

bility, as well as on transcription [17, 21–24]. Insulin [25],

triiodothyronine (T3) [19, 26] and glucose stimulate FAS

activity, whereas glucagon [25], medium chain fatty acids

(MCFA) [27] and polyunsaturated fatty acids (PUFA)

decrease it [28–31]. Insulin increases FAS activity by

enhancing transcription through the modification of tran-

scription factors’ binding on the insulin response element

(IRE) located on the promoter [25]. We recently demon-

strated that insulin is also able to modulate FAS tran-

scription through a specific T3 response element (TRE)

[32]. In the same study, we not only demonstrated that T3

regulates FAS through a direct genomic action on the TRE,

but also via a non-genomic action involving the activation

of the PI3-kinase-ERK1/2 MAPK signaling pathway.

MCFA specifically inhibit insulin and T3-induced FAS

activity by a still unknown mechanism [27]. The inhibition

of FAS through MCFA is selective and specific, since they

do not inhibit b-actin transcription and longer or shorter

fatty acids have no effect whatsoever [27]. It was suggested

that the active inhibitor is a derivative of the MCFA [27].

In the present study, we have shown that hexanoate and

octanoate specifically inhibit insulin and T3-induced FAS

enzymatic activity in hepatocytes. We also showed that

hexanoate works by modulating the level of FAS protein

expression. This effect is partially due to transcriptional

targeting of the TRE on the FAS promoter. The hexanoate

is rapidly taken up by the cells and mainly metabolized into

triglycerides and cholesterol esters. Hexanoate does not

modify the activation of the insulin receptor, nor the

entrance of T3 in the cells. Using specific inhibitors of

MCFA metabolism, it appears that acyl-CoA hexanoate,

which is rapidly formed after the cellular uptake, needs to

be generated in order to inhibit the insulin and T3-induced

FAS activity and expression.

Methods

Materials

Eggs from white Leghorn chickens were purchased from

Couvoir Simentin (Mirabel, QC). Waymouth medium,

3,5,3-L-triiodothyronine, insulin, hexanoate, octanoate,

etomoxir, betulinic acid, acetyl-CoA, malonyl-CoA,

NADPH, and [14C]-hexanoate were obtained from Sigma

Aldrich (Saint Louis, MO). Fugene HD transfecting agent

was obtained from Roche Diagnostic (Laval, QC). Triacsin

C was obtained from Biomol Research Laboratories
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(Cedarlane Laboratories limited, Hornby, ON). Collage-

nase H was obtained from Roche Diagnostic (Laval, QC).

Anti-FAS, anti-GAPDH and anti-PY (PY99) antibodies

were obtained from Santa Cruz Biotechnology (Santa Cruz,

CA). The FITC-labelled goat anti rabbit IgG was purchased

from Invitrogen. The anti-IR (a-960) was a generous gift of

Dr. B. I. Posner (McGill University, QC). Unless otherwise

specified in the text, all other chemicals including the anti-

T3 antibody were purchased from Sigma.

Cell Culture and Transfection Procedure

Chick embryo hepatocytes (CEH) were isolated from livers

of 19-day-old chick embryos [13] (protocol # 590 approved

by the University animal care committee). Briefly, 12 chick

livers were removed rapidly and placed in iced Krebs–

Ringer bicarbonate buffer, pH 7.4. Chopped livers were

then digested by Collagenase H and the resulting suspen-

sion was filtered through two layers of nylon mesh. The

cells were collected by centrifugation and washed twice in

Krebs–Ringer bicarbonate buffer. 2.5 9 106 cells were

plated in 35 mm tissue dishes and cultured at 40�C under

5% CO2 in Waymouth medium supplemented with strep-

tomycin and penicillin. After 24 h, the medium was

removed by aspiration and replaced by medium supple-

mented with 1.6 lM of T3 and/or 100 nM of insulin, and

incubated for an additional 24 h. The respective concen-

trations used in the experiments for T3 and insulin were

determined using a dose-response curve and from previ-

ously published studies [32]. The incubation was also

performed in presence of 1 lM MCFA (hexanoate or

octanoate resuspended in 19 PBS as a vehicle), triglycer-

ides, carnitine–hexanoate or carnitine–octanoate. The tri-

glycerides were coupled to bovine serum albumin (BSA) at

a 1:4 ratio in order to facilitate their entry into the cell [33].

The experiments using radio-labeled compounds were

performed with [14C]-hexanoate that was added to the

medium after a 24 h pre-incubation period with the various

hormones, for either 1 or 24 h. For the experiments using

inhibitors, the CEH were pre-incubated for 30 min with

either DMSO 0.5%, 1 lM Etomoxir, 1 lM Betulinic acid

or 5 lM Triascin C, followed by the hormonal treatment

for 24 h.

The human hepatocarcinoma cells (HepG2) were cul-

tured in modified Eagle medium (MEM) supplemented

with streptomycin (100 lg/mL), penicillin (60 lg/mL),

FBS (10%) and glutamine (4 mM final). The day before,

cells were plated at 80% confluence (about 1 9 106 cells

per well) in 12 well plates. They were then incubated for

24 h with 3.5 lL of Fugene HD, 0.75 lg of the DNA

construct and 0.25 lg of pRSV-b-galactosidase, without

serum nor antibiotics. The medium was then replaced

with one containing hormones and fatty acid at the

concentrations indicated on the figure legend. After 24 h of

culture, the cells were harvested and the different cellular

extracts were prepared.

Analysis of Cell Extracts

HepG2 cells were lysed at room temperature in CAT Elisa

lysis buffer (Roche Diagnostics, Laval, PQ), and protein

concentration [34], luciferase [35] and b-galactosidase [36]

activities were measured. The results were expressed as

luciferase activity per milligram of soluble protein and then

normalized for transfection efficiency using the b-galac-

tosidase activity. Transcriptional rates were expressed as a

percentage of the standardized activity measured in the

untreated cells.

FAS Activity

Fatty acid synthase activity was measured by tracking the

decrease of absorbance at 340 nm as a result of NADPH

disappearance due to the conversion of malonyl-CoA and

acetyl-CoA into long chain fatty acids [37]. Following

hormonal stimulation, 2–3 plates of treated cells (about

10 9 106 cells prepared from a pool of 12 chicks’ livers)

were harvested in 19 PBS. After a short centrifugation, the

cells were re-suspended in ice-cold homogenization buffer.

The cytosolic extracts were prepared through homogeni-

zation of the cells with a Dounce homogenizer. The lysates

were subsequently centrifuged at 3,000 rpm for 15 min at

4�C. FAS activities were evaluated by mixing, in a Quartz

cuvette, 50 lL of cell lysate, 0.5 M Kpi, pH 7; 25 lM

acetyl-CoA; 100 lM NADPH; 3 mM EDTA and 1 mM

DTT [38, 39]. The reaction was initialized by adding

malonyl-CoA (0.1 mM final). The optical density (OD) at

340 nm was then monitored for 15 min at 40�C in a Cary-

100 spectrophotometer (Varian, QC).

Western Blot Analysis

After treatment with various test agents at the times and

concentrations indicated in the figure legends, HepG2 cells

were rinsed twice with ice-cold 19 PBS (pH 7.4) and

solubilized with lysis buffer (50 mM Hepes, pH 7.5,

150 mM NaCl, 10 mM sodium pyrophosphate, 100 mM

sodium fluoride, 1.5 mM MgCl2, 1 mM EGTA, 200 lM

sodium orthovanadate, 1 mM phenylmethylsulfonyl fluo-

ride, 10 lg/mL leupeptin, 10 lg/mL aprotinin, 10% glyc-

erol, and 1% Triton X-100). Cell lysates were clarified by

centrifugation at 10,0009g for 20 min at 4�C, and protein

concentration in the resulting supernatants was determined

using the BioRad protein assay (BioRad, Mississauga,

ON). 20–100 lg of protein were mixed with 4 lL of 39

Laemmli sample buffer (2% SDS, 2% b-mercaptoethanol,
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10% v/v glycerol and 50 mg/L bromophenol blue in 0.1 M

Tris–HCl buffer, pH 6.8), heated at 100�C for 5 min,

subjected to SDS-PAGE and then transferred to Immobi-

lon-P membranes for immunoblotting. Membranes were

incubated for 1 h in blocking buffer (19 TBS, 0,1%

Tween-20: TBST) containing 5% milk and then overnight

in 19 TBST containing 5% BSA and with the various

antibodies: FAS (1:1,000), GADPH (1:1,000), Phospho-

tyrosine (1/1,000) and IR-a960 (1/1,000). After three suc-

cessive washes in 19 TBST, membranes were incubated

for 1 h at room temperature in 19 TBST in the presence of

an anti-Rabbit IgG or an anti-Mouse IgG bound to the

horseradish peroxidase (1/10,000). Signals were revealed

using the ECL plus Western blotting detection reagent

according to the manufacturer instructions (Roche Diag-

nostics, Laval, QC). The appropriate bands were quantified

using the phospho-imager system (Molecular imager FX,

Biorad, Mississauga, ON).

Flow Cytometric Analysis of T3 Content

After 24 h starvation, HepG2 cells were treated for 1 h

with T3 or insulin and T3 with or without hexanoate. Cells

were rinsed with 19 PBS and fixed for 1 h in 0.25% of

paraformaldehyde. Thereafter, the cells were permeabili-

zed with 0.05% Tween 20 in 19 PBS containing 1% FBS.

The hormone content was detected using a T3 antibody

(1/1,000) as a primary antibody and FITC-labelled goat

anti rabbit IgG (1/1,000) as a secondary antibody. To

control for the specificity of the signal, cell fluorescence

was measured in the absence of both antibodies or only in

the presence of the secondary antibody. The measurement

was done in a FACS flow cytometer (Becton Dickinson)

using 1 9 106 cells for each measurement. For the analysis

of the result, a cellquest program was used.

Fatty Acid Uptake

Chick embryo hepatocytes were incubated in serum free

Waymouth medium supplemented with hormones, inhibi-

tors and [14C]-hexanoate for 24 h as indicated on the figure

legends. The uptake was then stopped, after removal of the

culture medium, with a pre-heated solution (37�C) con-

taining 0.5% BSA prepared in 19 PBS and 0.9% NaCl.

The naked cells were then stripped and lysed in 0.1 M

NaOH overnight at 4�C. Cell lysates were subsequently

quantified by b-scintillation with the Liquid scintillation

analyzer Tri-carb 2800 TR (Perkin Elmer, Quebec).

Lipid Profile

Chick embryo hepatocytes were incubated in serum free

Waymouth medium supplemented with hormones,

inhibitors and [14C]-hexanoate for 24 h as indicated on the

figure legends. The uptake was stopped with 0.2% BSA in

19 PBS. Lipids were extracted from the cells for 1 h in a

hexane:isopropanol mix (3:2, v/v). The lysates were sub-

sequently evaporated under nitrogen and re-suspended in

50 lL of chloroform. The samples and standards (choles-

terol and cholesteryl oleate) were then migrated on a TLC

silicate plate in a solution containing petroleum ether,

anhydrous ether and glacial acetic acid (90:10:1), and

revealed in an iodide saturated chamber. The strips were

then cut, scraped and read by scintillation using the Liquid

scintillation analyzer Tri-carb 2800 TR (Perkin Elmer,

Quebec).

Results

Role of insulin, T3 and Medium Chain Fatty Acids

on FAS Enzymatic Activity

In the present study, we used CEH to measure FAS

activity. Incubation of CEH with 100 nM insulin or 1.6 lM

T3 increases FAS enzymatic activity about threefold

(Fig. 1a) and in the presence of both hormones, an

important synergistic effect is observed, increasing the

activity 14-fold. Similar hormonal effects were observed

on the promoter activity demonstrating that this hormonal

regulation is transcriptional [32]. We subsequently tested

the effect of medium chain fatty acids (MCFA) on FAS

enzymatic activity. Addition of 1 lM hexanoate or octa-

noate does not modify basal, insulin or T3-induced FAS

enzymatic activity. On the other hand, when MCFA were

used in concordance with insulin and T3, they had an

inhibitory effect on FAS enzymatic activity of about half

(Fig. 1b, c). The inhibition was even more effective when

hexanoate was used (50%) compared to the effect of

octanoate (40%).

Effect of Hormonal Treatment on Hexanoate Uptake

Our previous data demonstrated that hexanoate only

inhibits FAS activity in the presence of both insulin and T3.

However, we could not exclude that in the absence of both

hormones, the MCFA may not efficiently penetrate into the

cell. In order to evaluate this hypothesis, we measured the

uptake of [14C]-hexanoate at each hormonal condition. In

the absence of any hormonal treatment, hexanoate effi-

ciently enters the cell. However, this uptake is significantly

increased by the presence of either insulin, T3 or both

hormones (Fig. 2a). We have to note that regardless of the

hormonal treatment used, the radio-labeled hexanoate was

able to enter the cell unhindered and this in a very short

time lapse. The results show that only after 1 h, the levels
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of [14C]-hexanoate found in the cells are comparable to

those found in cells exposed for 24 h.

Post-Translational Effect of Hexanoate

on FAS Activity

In order to evaluate whether the inhibition by hexanoate

was due to an allosteric competition, we added the MCFA
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Fig. 2 Effect of hormonal treatment on hexanoate uptake. a The

CEH were incubated for either 1 h (white bars) or 24 h (black bars)

in the presence or absence of 100 nM insulin, 1.6 lM T3 or with both

hormones. In each condition, 1 lCi of [14C]-hexanoate was also

added. The C6 uptake was evaluated as indicated in ‘‘Methods’’.

Results are expressed in cpm per milligram of protein and are the

mean of three independent experiments. The bars indicate the SD.

*P \ 0.05 for insulin and/or T3 treated versus untreated cells. b FAS

activity was measured as described in ‘‘Methods’’, using cell lysate

from untreated (white bars) or treated with 100 nM insulin and

1.6 lM T3-treated cells for 24 h (black bars) with addition of 1 lM

hexanoate in the media (crossed bar) or in the enzymatic reaction

buffer (hatched bar)

Fig. 1 Effect of MCFA on FAS enzymatic activity. The CEH were

incubated for 24 h in Waymouth media (white bars), in the presence

of either 100 nM insulin (grey bars), 1.6 lM T3 (hatched bars) or

with both hormones (black bars). FAS activity was evaluated as

indicated in ‘‘Methods’’. a Results represent FAS activities and are

the mean of at least three independent experiments representing three

different preparations of hepatocytes. They are expressed in function

of the value obtained in untreated samples. The bars indicate the

standard deviation (SD). *P \ 0.001 for insulin or T3 treated versus

untreated cells. Cells were treated as described above except that

1 lM of hexanoate (b) or octanoate (c) was added to the media.

Results are expressed as described above and are the mean of three

independent experiments. The bars indicate the SD. §P \ 0.01 for

insulin and T3 treated cells versus insulin, T3 and MCFA treated cells

b
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in the reaction buffer just before measuring the enzymatic

activity. As depicted in Fig. 2b, the hexanoate needs to be

present in the cell in order to efficiently inhibit the insulin

and T3-induced FAS activity (Fig. 2b), while the presence

of hexanoate in the reaction buffer has no effect. In

agreement with previous data, our results suggest that the

MCFA regulates the level of FAS activity probably by

modulating the level of FAS expression and not by acting

at a post-translational level.

Effects of T3, insulin, and hexanoate on FAS expression

In order to evaluate the effect of hexanoate on FAS

expression, we measured the level of FAS protein in cells

treated with various combinations of T3, insulin and hex-

anoate by Western blot. As shown in Fig. 3a, hexanoate

inhibits insulin and T3-induced FAS protein expression by

about 50%. This level correlates to the one observed on

FAS activity, suggesting that hexanoate inhibits FAS

activity by modulating its level of expression.

We next evaluated the effect of hexanoate on FAS

transcription. We had previously demonstrated that T3 and

insulin target a specific TRE on the FAS promoter [20]. We

cloned this TRE upstream of the minimal promoter of

thymidine kinase and the luciferase reporter gene and

transiently transfected the DNA construct into HepG2

cells. Luciferase activity was then measured in presence of

T3, insulin and hexanoate. As expected, in presence of

T3 or insulin, the luciferase activity was increased about

1.3-fold through the TRE whereas in presence of both

hormones, the transcription increases more than 2-fold

(Fig. 3b). When the cells are incubated with hormones and

hexanoate, the transcriptional activity is inhibited by more

than 25%. These results suggest that hexanoate regulates at

least in part, FAS transcription via the TRE located on the

FAS promoter.

Effect of C6 on Insulin Receptor Phosphorylation

and T3 Uptake

In order to evaluate the effect of C6 directly on the hor-

monal response, we measured the level of phosphorylation

of the insulin receptor in HepG2 cells as well as the T3

uptake. As expected, the tyrosine phosphorylation of the

insulin receptor is only detected in the presence of insulin

(Fig. 4a). The addition of C6 does not modify the phos-

phorylation state of the receptor with or without T3.

Using flow cytometry, we evaluated the uptake of T3

under various conditions. Incubation of cells only with the

secondary antibody revealed a lower fluorescence than the

one observed in the presence of both antibodies (*P \ 0.05

comparing lane 1 to untreated and T3-treated cells). Incu-

bation of the cells with T3 increases the detected

fluorescence compared to untreated cells (**P = 0.001

comparing untreated to T3-treated cells). This demon-

strates the specificity of the fluorescence detection in our
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Fig. 3 Effect of hexanoate on FAS expression. a HepG2 cells were

incubated for 24 h with T3 (1.6 lM), insulin (100 nM) and/or C6

(1 lM). The cells were lysed; extracted proteins were resolved on

10% SDS-PAGE and then immunoblotted with either an anti-FAS

antibody (top panel) or an anti-GAPDH antibody (bottom panel). The

Western blot signals were quantified by densitometry and normalized

to GAPDH. The results presented in the graph are expressed as a

percentage of the signal intensity observed in untreated (basal) cells.

b HepG2 cells were transiently transfected with the TRE-TK-LUC

DNA construct (0.75 lg/well) and pRSV-bgal (0.25 lg/well) as

described in ‘‘Methods’’. After removing the transfection medium, the

hepatocytes were incubated for 24 h in MEM or in the same medium

containing 1.6 lM of T3, 100 nM of insulin or both hormones without

or with 1 lM of C6. Results are expressed as luciferase activities

normalized by b-galactosidase activity per milligram of soluble

protein. They are represented as a percentage of the activity measured

in the untreated sample and are the mean of at least three independent

experiments. The bars indicate the standard deviation (SD).

*P = 0.02 compared to insulin and T3 treated cells. Schematic

representation of the DNA construct is depicted in the bottom of the

graph
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experiment. Addition of C6 does not modify the uptake of

T3, despite a tendency to decrease. However, these values

did not reach the level of significance (Fig 4b). Taken

together, our results show that C6 inhibits FAS activity and

expression, but not by influencing the linkage between

insulin and its receptor or the entrance of T3 in the cells.

Effect of MCFA Metabolites on FAS Enzymatic

Activity

As MCFA taken up by the cells are rapidly metabolized

[40], we analyzed the cellular lipid profile after incubating

the cells for 24 h with [14C]-hexanoate. As depicted in

Table 1, we showed that about 60% of the 14C is now

found in the triacylglycerol fraction. The presence of both

insulin and T3 even increases it to almost 66%. The rest of

the 14C end up in the cholesterol ester (around 25%)

and phospholipids fractions (around 10%). However, the

presence of both hormones appears to decrease this con-

version, orienting the MCFA towards the esterification

pathway.

Even if the hexanoate entering the cell appears to be

mostly metabolized into triacylglycerol, we devised a

strategy that should enable us to determine if hexanoate

needs to be modified in order to inhibit FAS enzymatic

activity (Fig. 5a). If it acts unchanged, we should see the

same effect when bromo-hexanoate, a form of hexanoate

that cannot be metabolized, is used. On the other hand, if

bromo-hexanoate fails to inhibit FAS enzymatic activity, it

strongly suggests that a metabolite is involved in the

inhibitory process, be it through esterification or b-oxida-

tion. In Fig. 5b, we observed that bromo-hexanoate has no

inhibitory effect on insulin and T3-induced FAS enzymatic

activity, thus suggesting the implication of a metabolite.

Incubation of cells with either glycerol–hexanoate (Fig. 5c)

or carnitine–hexanoate (Fig. 5d) does not reveal any inhi-

bition of FAS enzymatic activity. Taken together, our

results suggest that after 24 h, the MCFA is metabolized,

probably b-oxidized, but glycerol–hexanoate and carni-

tine–hexanoate are not directly responsible for the modu-

lation of the FAS enzymatic activity.

Role of Fatty Acids Metabolism Inhibitors on the Effect

of Hexanoate on FAS Enzymatic Activity

In order to validate our previous data showing that neither

glycerol–hexanoate (Fig. 5c) nor carnitine–hexanoate

(Fig. 5d) directly inhibit insulin and T3-induced FAS

enzymatic activity, we used specific pharmaceutical

inhibitors to evaluate the role of each lipid metabolic

pathway. In Fig. 6a, we can see that the inhibitory effect of

hexanoate on insulin and T3-induced FAS enzymatic
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Fig. 4 a Effect of hexanoate on insulin receptor phosphorylation and

T3 uptake. HepG2 cells were incubated for 24 h with T3 (1.6 lM),

insulin (100 nM) and/or C6 (1 lM). The cells were lysed; 100 lg of

extracted proteins were resolved on 10% SDS-PAGE and then

immunoblotted with either an anti-phosphotyrosine antibody (top
panel) or an anti-insulin receptor antibody (bottom panel). b HepG2

cells were incubated for 1 h with T3 (1.6 lM), insulin (100 nM) and/

or C6 (1 lM). Cells were fixed and permeabilized as described in

‘‘Methods’’. The T3 content was measured by labeling the cells with

an anti-T3 antibody (1/1,000) and anti FITC goat anti-rabbit (1/1,000)

except for the first condition (first bar) where a primary antibody was

omitted. Fluorescence was then measured by flow cytometry. The

results represent the average of three independent experiments and are

expressed as the average of fluorescence detected in 1 9 106 cells.

*P \ 0.05, **P = 0.001

Table 1 Hormonal effect on CEH lipid profile

Basal Insulin T3 Insulin ? T3

Phospholipids 11.6 ± 7.2 10.4 ± 5.0 12.2 ± 8.6 7.5 ± 3.2

Free

cholesterol

1.0 ± 0.9 0.9 ± 0.8 0.9 ± 0.5 0.5 ± 0.3

Diacylglycerol 7.1 ± 3.2 4.5 ± 2.1 8.7 ± 5.6 5.0 ± 2.3

Triacylglycerol 55.7 ± 8.8 58.0 ± 7.4 50.8 ± 14.8 65.6 ± 3.0*

Cholesterol

ester

24.6 ± 4.0 26.2 ± 5.1 27.4 ± 5.6 21.4 ± 4.3§

Cells were incubated for 24 h with hexanoate in presence or not of

100 nM insulin and/or 1.6 lM T3. The lipid profile was revealed as

indicated in ‘‘Methods’’. Results are expressed as percentage of the

total radioactive content. Data are the mean of three independent

experiments, ±SD

* P = 0.001 versus basal
§ P = 0.01 versus basal
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activity remained when the cells were treated with Etom-

oxir, an inhibitor of the CPT1. The same is true as shown in

Fig. 6b, depicting the cells that were treated with Betulinic

acid, a specific inhibitor of the diacylglycerol transferase

(DGAT). We have to note that the presence of these

inhibitors does not affect the uptake of hexanoate (Fig. 6d,

crossed bars). These results confirm our previous obser-

vations suggesting that hexanoate is neither esterified nor

b-oxidized in order to inhibit FAS enzymatic activity in the

presence of insulin and T3. However, the use of bromo-

hexanoate demonstrated that hexanoate needs to be

metabolized. It had previously been demonstrated that as

soon as the MCFA enters the cell, it is rapidly transformed

into an acyl-CoA derivative, reaction catalyzed by the

octanoyl-CoA synthetase [1]. In order to test this hypoth-

esis, we evaluated the effect of Triacsin C, a general

inhibitor of acyl-CoA synthetases [41], on the inhibitory

effect of hexanoate. Under those conditions, we saw a total

abolition of the inhibitory effect induced by hexanoate, and

recovered the synergic effect seen when the cells are

stimulated with insulin and T3 (Fig. 6c). The MCFA effect

on FAS appears to be specific to hexanoyl-CoA, as the

presence of Triascin C in the culture media in absence of

C6 does not modify the insulin and T3-induced FAS

activity (Fig. 6c, grey bar). As observed for Etomoxir and

Betulinic Acid, the Triacsin C has no effect on the uptake

of hexanoate (Fig. 6d, crossed bars). Finally, we showed

that hexanoyl-CoA is behaving like hexanoate on FAS

activity as incubation of cells with this compound effi-

ciently inhibits the insulin and T3-induced FAS activity

(Fig. 6e). As previously observed for C6 (Fig. 2b), the

presence of hexanoyl-CoA in the reaction buffer does not

modify the insulin and T3-induced FAS activity (Fig 6e).

Taken together, our results suggest that in hepatocytes,

hexanoate needs to be converted to an acyl-CoA deriva-

tive in order to inhibit the insulin and T3-induced FAS

Bromo 6C- βββββββ :noitadyxo--
Carnitine C6

No inhibition =
Metabolized C6

Inhibition =
Non metabolized C6

Esterification:
Triglycerides (TriC6)
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Fig. 5 Effects of the hexanoate

metabolites on FAS enzymatic

activity. a Schematic

representation of C6

metabolism in CEH cells. CEH

were incubated for 24 h in

Waymouth media (white bars)

or with addition of 100 nM

insulin and 1.6 lM T3 (black
bars) supplemented with 1 lM

of hexanoate (hatched bars).

The effect of 1 lM bromo-

hexanoate (b), 1 lM
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(d) (crossed bars) was also

evaluated. FAS activity was
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‘‘Methods’’. Results are the
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are expressed as a function of

the value obtained in untreated

samples. The bars indicate

the SD
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enzymatic activity. Hexanoate acts at the transcriptional

level, targeting a TRE on the FAS promoter and modu-

lating its transcriptional activation in response to insulin

and T3. This inhibitory effect cannot be attributed to a

modification of insulin receptor activation nor to a

decrease in T3 entry in the cells.

Discussion

Our findings show that hexanoate only inhibits FAS when

the enzyme is stimulated by insulin and T3. These two

hormones are strongly secreted during the postprandial

state, increasing de novo lipid synthesis. This allows
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activity and C6 inhibition were also tested. For (b) and (c), 5% of

DMSO was added to each treatment. FAS activity was evaluated as

indicated in ‘‘Methods’’. Results are the mean of at least three
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obtained in untreated samples. The bars indicate SD. *P = 0.0065
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glucose and, to a lower extent, fatty and amino acids to be

transformed into triglycerides and subsequently stored in

adipose tissues. Decreasing insulin and T3-induced FAS

activity by hexanoate will probably decrease the amount of

TG formed and subsequently the amount of VLDL secre-

ted. This is in agreement with a study showing that incu-

bation of hepatocytes with MCFA decreases VLDL

secretion [42]. In addition, several studies have shown that

diets containing MCFA can induce weight loss [8]. They

attributed the weight loss to increased energy expenditure

but also, as shown in our study, by decreased hepatic

lipogenesis. The effects of MCFA are of great interest

when looking at the inhibition of the postprandial state of

de novo lipogenesis, which is associated with an increased

secretion of insulin and T3.

Previous studies have been shown that FAS is regulated

at the transcriptional level [17, 43, 44], and that medium

chain fatty acids, such as hexanoate and octanoate have an

inhibitory effect [27]. This effect was only observed when

FAS was stimulated with insulin and T3. Recently, the need

for hormone involvement in the MCFA action has also

been observed on the inhibition of adipogenesis in 3T3-LI

adipocytes [45]. In the same study, the authors also showed

that in the absence of hormones, MCFA increase adipo-

genesis. As depicted in Fig. 1b, c, MCFA treatment in

absence of any hormones leads to an increase in FAS

activity. However, the difference does not reach statistical

significance and needs to be further confirmed.

We and others have observed that hexanoate and octa-

noate, but not decanoate nor butanoate (data not shown,

[27]), can inhibit FAS enzymatic activity. This inhibition is

very specific to these two fatty acids, and more pronounced

with hexanoate (about 50%) than with octanoate (about

40%) (Fig. 1b, c). In addition, the inhibitory effect of

hexanoate appears to be targeted to lipogenic genes in as so

far as FAS, malic enzyme and acetyl CoA carboxylase are

concerned [46], because DNA content and transcription of

the glyceraldehyde-3-phosphate dehydrogenase and beta-

actin genes were not inhibited [27].

It has been previously demonstrated that hexanoate

inhibits some lipogenic genes at the transcriptional level

[27]. This was confirmed by our experiment showing that

MCFA inhibition was not due to allosteric competition. In

addition, we showed that hexanoate inhibits FAS through

the inhibition of protein expression and transcriptional

activity of the TRE. Roncero and collaborators [27] dem-

onstrated that hexanoate and octanoate inhibit lipogenic

enzymes activities at a transcriptional step, and did so

within 30 min. This is in agreement with our observations

showing that hexanoate was able to enter the cell unhin-

dered in just 1 h.

We had previously demonstrated that the FAS TRE

is targeted by insulin and T3 [32]. As previously

demonstrated for the malic enzyme promoter [47], we

showed that hexanoate targets the TRE on the FAS pro-

moter (Fig. 3b), inhibiting its transcriptional activity in the

presence of insulin and T3. The level of inhibition on the

transcriptional activity of the FAS TRE is, however, lower

than that observed at the FAS protein and activity levels

(25 vs. 50%). It has been previously published that MCFA

are able to modulate transcription by inhibiting the accu-

mulation of mature SREBP-1c caused by T3 and insulin

[48]. We know that SREBP-1c regulates FAS transcription

by binding an element located outside of the TRE used in

our present study [49]. Therefore, the difference observed

between the inhibition by C6 of FAS activity and the

inhibition at the transcriptional level may be attributed to

an effect of C6 on SREBP. This is currently under

investigation.

The precise molecular mechanism of MCFA action on

the TRE is still unknown. On the malic enzyme promoter,

hexanoate does not modify the binding of T3 to its nuclear

receptor TR, neither does it modify the TR binding on the

TRE [47]. Previous studies performed in mice have sug-

gested that MCFA decrease PPARc and SREBP-1c

expression. A role of SREBP-1c cannot explain the effect

of MCFA on the FAS promoter as in our experiment, the

MCFA effect is observed when we use the sequence only

including the TRE. The SREBP-1c binding site is not

included in the tested DNA promoter fragment.

A previous study in chick embryo hepatocytes demon-

strated that MCFA also act on the estrogen receptor (ER)

[47]. On promoters, ER dimerizes with itself and not

with one of its heterodimerization partners: RXR and

PPAR. As the mechanism of MCFA on estrogen and

T3-induced transcription is probably the same, RXR

and PPAR are probably not the target of MCFA on the FAS

promoter.

In the present study, we showed that hexanoate does not

modify the linkage between insulin and its receptor nor the

entrance of T3 in the cells (Fig. 4). However, we cannot

exclude that C6 may affect downstream events on the

insulin and T3-activated signaling pathways. In neurons,

MCFA are able to modulate intracellular MAPK pathways

[50, 51]. We have recently demonstrated that insulin and

T3 mediate their effect on the TRE of the FAS promoter

through the activation of a ERK1/2 MAPK pathway [32].

MCFA may modulate the activation of ERK1/2 leading to

inhibition of FAS transcription. Finally, MCFA may act on

GPCR, activating downstream signaling cascades [52],

leading to the phosphorylation of transcription factors

bound to the TRE, and modulation of FAS transcription

[53]. The exact molecular mechanism of MCFA action on

the FAS TRE is currently under investigation.

Our data show that the MCFA enters the cell rapidly. It

is well established that MCFA uptake occurs by simple
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diffusion without the implication of specific transporters

[54, 55]. It is rapidly transformed into an acyl-CoA

derivative through the action of a specific acyl-CoA syn-

thetase [1]. This acylation occurs in the mitochondria as the

MCFA easily crosses the double mitochondrial membrane

and, unlike long-chain fatty acids, they do not require the

presence of carnitine palmityl transferases [56]. This is in

agreement with the fact that neither carnitine–hexanoate

nor Etomoxir (inhibitor of CTPI) affect insulin and

T3-induced FAS enzymatic activity.

The CoA-derivative of MCFA can be transformed into

ketone bodies through the b-oxidation pathway. However,

this does not appear to be the case in CEH as most of the

[14C]-hexanoate taken up by the cells is now found in the

triglyceride fraction (more than 60%; Table 1). Therefore,

most of the Acyl-CoA hexanoate must be transformed

into acetyl-CoA, becoming a carbon source for de novo

lipid synthesis ending with the formation of new tri-

glycerides and cholesterol derivatives [56]. This is sup-

ported by the fact that in the presence of insulin and T3,

the amount of [14C]-TG is increased compared to the

level measured in the absence of any hormonal stimula-

tion (Table 1). Indeed, it is well known that insulin

stimulates hepatic triacylglycerol secretion through the

general activation of de novo lipid synthesis [57]. It is

also well established that T3 stimulates de novo lipid

synthesis in the liver, increasing synthesis of TG [58, 59].

However, the use of betulinic acid, an inhibitor of DGAT,

a rate limiting step in the esterification pathway (Fig. 6b)

or the incubation of cells with TG-hexanoate (Fig. 5c) did

not reveal any abolition of the inhibitory effect of hexa-

noate on insulin and T3-induced FAS activity. The incu-

bation of cells with Triacsin C, a general inhibitor of

acyl-CoA synthetases [41], completely reversed the

inhibitory effect of hexanoate on insulin and T3-induced

FAS activity. Therefore, our data strongly suggest that

only the Acyl-CoA hexanoate, which is very rapidly

formed after the uptake of the fatty acid by the cell [56],

is able to modulate the FAS enzymatic activity. This is

also in agreement with the fact that hexanoate is able to

inhibit FAS transcription after only 30 min of incubation

[27] and that direct incubation of cells with hexanoyl-

CoA also abolished insulin and T3-induced FAS activity

(Fig. 6e).

In conclusion, in the present study we have shown that

hexanoate is rapidly taken up by the chick embryo hepa-

tocytes. It is subsequently metabolized into an acyl-CoA

derivative that is able to specifically inhibit insulin and T3-

induced FAS activity. This inhibition results in decreased

FAS protein expression levels. Hexanoate targeting the

TRE on the FAS promoter is responsible for part of the

inhibition observed at the protein level. We also showed

that the C6 effect on FAS expression cannot be attributed

to a modification of insulin receptor activation or to a

decrease in T3 entry in the cells.
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Abstract Soybean lecithin (SBL), used as a phospholipid

source in larval fish diets, may compromise growth and

survival in marine species, and affect gene expression, due

to differences in fatty acid composition relative to marine

lecithins (ML). The potential of SBL as a phospholipid

source in gilthead seabream microdiets as compared to ML

was evaluated. Two stocking densities were tested in order

to exacerbate possible dietary effects: 5 and 20 larvae L-1.

Larvae reflected dietary fatty acid profiles: linoleic acid

was higher, whereas eicosapentaenoic and arachidonic

acids were lower in SBL fed groups than in ML fed larvae.

Highest stocking density decreased survival, and led to

elevated saturates and lower docosahexaenoic acid levels

in polar lipid. Muscle histology observations showed hin-

dered growth potential in SBL fed larvae. Despite similar

cortisol levels between treatments, higher glucocorticoid

receptor (GR), as well as hormone-sensitive lipase (HSL)

mRNA levels in SBL fed groups revealed a role for fatty

acids in gene regulation. Further analysed genes suggested

these effects were independent from the hypothalamus-

pituitary-interrenal axis control and the endocannabinoid

system. Cyclooxygenase-2 and gluconeogenesis seemed

unaffected. For the first time in fish, a link between dietary

lecithin nature and HSL gene transcription, perhaps regu-

lated through GR fatty acid-induced activation, is sug-

gested. Enhanced lipolytic activity could partly explain

lower growth in marine fish larvae when dietary ML is not

provided.

Keywords Dietary lipid � Stocking density �
Gilthead seabream � Larvae � Fatty acids � Stress �
Gene expression

Abbreviations

SBL Soybean lecithin

ML Marine lecithin

SAFA Saturated fatty acids

MUFA Monounsaturated fatty acids

PUFA Polyunsaturated fatty acids

HUFA Highly unsaturated fatty acids

TFA Total fatty acids

PLA2 Phospholipase A2

COX-2 Cyclooxygenase-2

ACTH Adrenocorticotropic hormone

POMC Pro-opiomelanocortin

GR Glucocorticoid receptors

FBPase Fructose-1, 6-bisphosphatase

PKC Protein kinase C

HSL Hormone-sensitive lipase

GH Growth hormone

CB1 receptor Cannabinoid 1 receptor

ARA Arachidonic acid
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DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

DAH Days after hatching

RGR Relative growth rate

GRE Glucocorticoid responsive element

11bHSD1 11-b hydroxysteroid dehydrogenase type 1

NF-jB Nuclear factor-kappa B

PPAR Peroxisome proliferator-activated receptor

HPI Hypothalamus–pituitary–interrenal

2-AG 2-Arachidonoylglycerol

HPA Hypothalamus–pituitary–adrenal

PEPCK Phosphoenolpyruvate carboxykinase

Introduction

A dietary phospholipid source, particularly of marine ori-

gin, is generally recognised to promote growth and sur-

vival, as well as skeletal development, and perhaps stress

resistance in fish larvae [1, 2]. Phospholipids are key cell

membrane constituents, and have a relevant role in lipid

transportation from the intestine which seems to be of

utmost importance in larvae; they are also thought to

influence dietary palatability [1]. Commercially available

lecithins are mixtures of phospholipids obtained from oils

of either vegetable or animal nature. Due to its market

availability and relatively stable composition, soybean

lecithin (SBL) is generally included as a phospholipid

providing ingredient in larval diets, although its fatty acid

composition differs greatly from that of marine lecithin

(ML). Typically, SBL presents elevated linoleic acid levels

and does not contain highly unsaturated fatty acids (HUFA)

which characterize ML. Despite the abundance of HUFA

under the triacylglyceride form in larval diets provided

mostly through fish oil ingredients, some supply under the

phospholipid form seems necessary to sustain growth in

marine fish larvae [3, 4]. The reasons underlying this

requirement are still poorly understood and further research

is needed for the optimisation of larval diets. It would be

plausible to hypothesise that deleterious effects of dietary

SBL as compared with ML on growth and development in

fish larvae could be due, at least partly, to changes in cell

content of certain fatty acids and their metabolites which

can play key roles in many cellular events, such as gene

expression regulation [5–7].

Stress coping ability, which requires energy expendi-

ture, has been increasingly recognised as a valuable

parameter for the evaluation of physiological condition

in fish. Eicosanoid production, their type and relative

amounts, is supposedly influenced by the dietary supply of

certain fatty acids and believed to play a major role on the

success of the stress response in larvae, although seldom

explored in fish stress studies [8, 9]. Eicosanoids are gen-

erated by the activity of phospholipase A2 (PLA2) and

other enzymes, such as cyclooxygenase-2 (COX-2), over

fatty acids derived from cell membrane phospholipids [10].

Other enzymes (lipoxygenase, epoxygenase) also contrib-

ute to eicosanoid production which may stimulate adre-

nocorticotropic hormone (ACTH) and modify induced

cortisol release [8, 11]. The ability to recover homeostatic

balance in response to stress is determined by a response

system in which a variety of transcription factors and

nuclear receptors are implied, possibly under direct or

indirect influence of fatty acids or their metabolites [12].

Besides, the issue of cell membrane composition is also

relevant for genomic steroid actions since the ability of a

substance to partition into the membrane is critical for its

bioavailability to intracellular receptors [13, 14].

This study was designed to test two diets differing in the

phospholipid source, in seabream larvae. A relatively high

stocking density was used as a chronic stressor with the

aim of possibly intensifying effects of the diets on growth,

survival, and stress associated parameters. Exploring

effects of dietary lecithin source on aspects related to stress

physiology was expected to provide clues for its metabolic

regulation by dietary fatty acids. As such, the gene

expressions of pro-opiomelanocortin (POMC, a precursor

for ACTH), glucocorticoid receptors (GR, cortisol signal-

ing mediators), COX-2, and fructose-1,6-bisphosphatase

(FBPase, involved in stress-induced gluconeogenesis) were

analysed. Furthermore, the expression of protein kinase C

(PKC) gene was studied as a potential intermediary in

steroidogenesis, and responsive to cellular ARA abundance

[15, 16]. Other genes targeted were those for the rate-

limiting enzyme hormone-sensitive lipase (HSL), growth

hormone (GH), and cannabinoid 1 receptor (CB1 receptor).

CB1 receptors are distributed within the central nervous

system [17, 18] and their expression could reflect changes

in dietary fatty acid supply, especially arachidonic acid

(ARA). Also, histological analyses of the muscle were

conducted in order to identify short-term effects of the

experimental conditions on the growth potential of the

larvae, which is believed to be related with the number of

small sized muscle fibres in fish [19–21].

Experimental Procedure

Experimental Conditions

A bifactorial experiment was conducted during 7 days on

gilthead seabream larvae. Eggs were obtained from the

‘‘Planta de Cultivos Marinos’’ of the University of Cádiz

(Puerto Real, Spain) and placed in 200-L incubator tanks in
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a flow-through system, with constant aeration. After

hatching, the larvae were transferred into 300-L tanks and

fed on Nannochloropsis gaditana (Fitoplancton marino,

EasyAlgae) enriched rotifers (Brachionus rotundiformis

and B. plicatilis; 5–15 per ml of tank water) from 5 to

25 days after hatching (DAH), according to the feeding

protocols established by Polo et al. [22]. After 14 DAH,

N. gaditana and Isochrysis galvana (T-Iso) enriched

Artemia nauplii were also provided at 1–2 nauplii per ml.

From 32 DAH onwards, fish were fed exclusively on

microencapsulated diets (200–400 lm size), prepared

according to the method described by Yúfera et al. [23], and

containing commercial phospholipid mixtures (lecithins) of

either marine (ML) or soybean (SBL) origin (Table 1). Both

diets were formulated to present phosphatidylcholine and

phosphatidylinositol, thought to be main growth-promoting

fractions in lecithin for fish larvae, in a total content of

approximately 1% of the diet as suggested by Coutteau et al.

[24]. The ratio phosphatidylcholine/(phosphatidylinosi-

tol ? phosphatidylserine) was maintained at 2.5 in both

diets.

During the one-week inert feeding period, larvae were

kept in a flow-through system consisting of eight cylindro-

conical baskets (43 L) with a plankton net bottom

immersed in one tank. Four of the baskets held seabream

groups at a low density (‘‘L’’ groups) of 5 larvae L-1 and

other four held groups kept at the higher stocking density

(‘‘H’’ groups) of 20 larvae L-1. The experimental diets

were assigned so that each treatment was tested in dupli-

cate (ML-L, ML-H, SBL-L, SBL-H). Feed was supplied in

excess, manually during the day and with automatic feeders

at night. Constant aeration was provided so as to maintain

dissolved oxygen levels around 6 mg L-1, water temper-

ature was kept at 20 ± 0.5 �C and a light:dark photoperiod

of 14:10 h was used. Water salinity was 33 g L-1. Tank

maintenance, removal of dead fish and uneaten feed were

performed daily.

Sampling procedures

Initial fish samples were taken for determination of indi-

vidual dry weight and total length at 32 DAH (n = 10). At

the end of the experiment (39 DAH), fish samples were

collected from all treatments for dry weight and total

length determination (n = 10), muscle histology (n = 6),

gene expression analyses through mRNA quantification

(n = 12), whole-body cortisol (n = 14), and lipid quanti-

fication (minimum 100 mg body mass per tank). All larvae

sampled were anaesthetised with an overdose of ethyl-4-

amino-benzoate and washed with distilled water before

storage or measurements, with the exception of animals

used for gene expression analysis. These were immediately

stored in an RNA stabilizing solution, RNALaterTM

Table 1 Formulation and proximate composition of microencapsu-

lated diets prepared by internal gelation (g kg-1), for gilthead seabream

larvae

Ingredients ML SBL

Fish meala 50 50

Fish hydrolysateb 100 100

Cuttlefish mealc 450 450

Caseind 50 50

Sodium alginatee 70 70

Baker yeastf 30 30

Dextring 40 40

Fish oilh 73.5 80

Soybean lecithini – 50

Marine lecithinj 56.5 –

Vitamin premixk 20 20

Vitamin Cl 30 30

Vitamin Em 10 10

Mineral premixn 20 20

Proximate composition

Moisture (%) 7.1 8.2

Protein (% DM) 69.9 69.1

Lipid (% DM) 16.9 18.5

Carbohydrateso (% DM) 8.7 7.8

Ash (% DM) 4.6 4.7

a AGLONORSE MICROFEED, Norsildmel Innovation AS, Bergen,
Norway
b CPSP-90, Soprepêche, France
c SQUID POWDER 0278, Rieber & Søn ASA, Bergen, Norway
d VWR International, Fontenay sous Bois, France
e ICN 154724
f Commercial bread yeast
g Commercial grade type I, MP Biomedicals, LLC, Illkirch, France
h Cod liver oil, José M. Vaz Pereira, S.A., Sintra, Portugal
i Lecithin Soy Refined, MP Biomedicals, LLC, Illkirch, France containing
(% total lipid): phosphatidylcholine 25.8%, phosphatidylethanolamine
20.1%, phosphatidylserine 12.0%, phosphatidylinositol 5.5%, sphingoli-
pids 5.6%, cholesterol 10.0%, free fatty acids 17.5%, sphingomyelin 2.6%,
phosphatidic acid/cardiolipin 1.0%
j Marine natural lecithin LC 40, PhosphoTech Laboratories, Saint-Herb-
lain, France containing (% total lipid): phosphatidylcholine 21.0%,
phosphatidylethanolamine 8.9%, phosphatidylserine 3.2%, phosphatidyl-
inositol 4.8%, cholesterol 40.5%, free fatty acids 18.0%, sphingomyelin
3.6%
k Vitamin premix supplied the following (per kg of diet): vitamin A/D3

500/100, 1,000 mg; vitamin D3 500, 40 mg; vitamin E 50, alpha-
tocopherol acetate, 3,000 mg; vitamin K3 23%, 220 mg; thiamine HCl,
50 mg; riboflavin 80, 250 mg; d-Ca pantothenate, 1,100 mg; niacin,
500 mg; pyridoxine, 150 mg; folic acid, 50 mg; vitamin B12 0.1, 500 mg;
biotin 20, 38 mg; ascorbic acid polyphosphate 35%, 57.2 g; choline
chloride 60%, 100 g; inositol, 15 g; antioxidants, 1.25%
l Sodium, calcium ascorbyl-2-phosphate, ROVIMIX STAY-C 35, DSM
Nutritional Products, Inc
m DL-alpha-tocopherol acetate, MP Biomedicals, LLC, Eschwege,
Germany
n Mineral premix supplied the following (per kg of diet): monocalcium
phosphate 35.2%, calcium carbonate 11.5%, sodium chloride 20.0%,
potassium chloride 26.0%, copper sulphate 0.024%, magnesium sulphate
5.0%, ferrous sulphate 0.6%, manganous sulphate 0.81%, zinc sulphate
0.17%, potassium iodide 0.0031%, sodium selenite, 0.6%
o Carbohydrates = 100 - (protein ? lipid ? ash)
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(Ambion, Austin, TX, USA), at 4 �C overnight, then at

-20 �C until analytical work was conducted. Whole larvae

samples for histological analyses were fixated in a 0.1 M

phosphate buffer containing 3% glutaraldehyde 25% EM

and stored at 4 �C. Both cortisol determination and fatty

acid analysis samples were stored in a -80 �C freezer to

avoid material degradation and peroxidation until further

analyses.

Analytical Methods

Experimental diets were analysed for proximate composi-

tion according to the following procedures: dry matter

determined gravimetrically by drying in an oven at 105 �C

for 24 h; crude ash by incineration in a muffle furnace at

500 �C for 5 h; crude protein (% N 9 6.25) determined

using an elemental analyzer (Thermoquest Flash 1112,

Rodano, Italy) with sulphanilamide as a standard; total

lipid extracted in chloroform:methanol (2:1, v/v) according

to Folch et al. [25] and quantified gravimetrically after

evaporation of the solvent under a stream of nitrogen fol-

lowed by overnight vacuum desiccation. Total lipid was

stored in chloroform:methanol (2:1, 20 mg ml-1) with

0.01% butylated hydroxytoluene (BHT) at -20 �C until

final analysis. Fatty acid composition of total lipid and

polar lipid fraction of the diets was also determined fol-

lowing an acid catalyzed transmethylation [26]. Fatty acid

methyl esters were extracted twice using isohexane:diethyl

ether (1:1, v/v), purified on TLC plates and analysed by

gas–liquid chromatography on a Thermo TraceGC

(Thermo Fisher Scientific, Waltham, MA, USA) instru-

ment fitted with a BPX70 capillary column (30 m–

0.25 mm id, SGE), using a two-stage thermal gradient from

50 �C (injection temperature) to 150 �C after ramping at

40 �C min-1 and holding at 250 �C after ramping at

2 �C min-1, using helium (1.2 ml min-1 constant flow

rate) as the carrier gas, on-column injection, and flame

ionisation detection. Peaks were identified by comparison

with known standards (Supelco, Madrid, Spain) and a well

characterised fish oil, and quantified by means of the

response factor to the internal standard, 21:0 fatty acid,

added prior to transmethylation, using a Chrompack pro-

gram (Thermo Finnigan, San Jose, CA, USA). To carry out

fatty acid composition analysis of the polar lipid fraction,

total lipid extract was evaporated to dryness, diluted in

chloroform (about 30 mg of lipids in 500 ll of solvent) and

injected on a Sep-Pack silica cartridge (Waters S.A., Mil-

ford, MA, USA; [27]). After adsorption of the sample,

20 ml of chloroform were pushed through the cartridge

with a syringe avoiding the formation of air bubbles and

the non-polar fraction discarded. The fraction containing

the polar lipids was eluted through the cartridge with 30 ml

of methanol, collected and subjected to acid catalysed

transmethylation as indicated above. Lipid class

composition of the lecithins and diets was determined by

high-performance thin-layer chromatography (HPTLC).

Approximately 10 lg of lipid was applied as a 2 mm streak

and the plate developed to two-thirds distance with methyl

acetate/isopropanol/chloroform/methanol/0.25% aqueous

KCl (25:25:25:10:9, v/v), to separate polar lipid classes, and

then fully developed with isohexane:diethyl ether:acetic acid

(85:15:1, v/v). Lipid classes were visualised by charring at

160 �C for 15 min after spraying with 3% (w/v) aqueous

cupric acetate containing 8% (v/v) phosphoric acid, and

quantified by densitometry using a Bio-Rad GS-800 densi-

tometer (Bio-Rad Laboratories, Spain) and the software

QuantityOne (Bio-Rad Laboratories, Spain). The identities

of individual lipid classes were confirmed by comparison

with authentic standards.

The total length of the larvae was measured with a

micrometer eye piece and whole body dry weight was

determined by drying samples at 70 �C for several days

until constant weight was attained. At the end of the trial,

relative growth rate (RGR; [28]) was calculated for all

treatment groups, as well as survival. Theoretical biomass

was calculated as the product of survival by the mean

weight of the larvae.

For muscle histology analyses complete transverse sec-

tions were cut from each fish at the level of the anal vent,

washed in the fixation buffer, post-fixed in 1% osmium

tetroxide, dehydrated, and embedded in TAAB resin

according to Stickland et al. [29]. Transverse sections of

1 lm thickness were obtained using a Reichert ultrami-

crotome and stained with 1% toluidine blue. Slides were

examined using a Zeiss image analysis system (KS 300,

Kontron, Munich, Germany). White-muscle cross-sectional

areas, small (less than 25 lm2), and large (more than

25 lm2) fibre numbers from a quadrant of each transverse

section were quantified (as in 29).

Total lipid from larval tissues was extracted [25]. Sep-

aration of the polar lipid fraction and determination of its

fatty acid profile in larvae samples were carried out as

previously described.

A commercial cortisol enzyme-linked immunosorbent

assay kit (ELISA; Neogen Corporation, Lexington, KY,

USA) was used to assess whole-body cortisol levels in

pooled larvae samples of about 20 mg (7 fish per sample).

This was preceded by sample homogenisation in a phos-

phate buffered saline solution (PBS) and extraction with

diethyl ether. The latter was performed following recom-

mendations by Sink et al. [30] involving the addition of

100 lL of a food-grade vegetable oil per gram of sample

body weight. Olive oil was used and previously assayed for

cortisol to ensure no cross contamination would occur from

animal fats. After extraction and solvent evaporation under

a stream of nitrogen, lipid extracts containing cortisol were
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reconstituted in the kit’s extraction buffer, diluted to an

appropriate factor and analysed according to the kit man-

ufacturer’s instructions. All samples and standards were

run in duplicate. Intra- and inter-assay variation values

were checked and a % CV of B20.0 was set as acceptable.

Parallelism and linearity (passing limit r2 [ 0.90) were

tested using serial dilutions of sample extracts.

For molecular analyses six larvae sampled from each

tank were pooled, homogenised in Tri Reagent (Sigma,

Poole, Dorset, UK) with an ultra-turrax (IKA, Werke

GmbH & Co. KG, Staufen, Germany), and RNA extracted

with chloroform followed by ethanol precipitation. Qiagen

RNeasy columns (Qiagen, Crawley, UK) were used for

DNase treatment and sample purification. Samples were

eluted with Sigma Pure water (Sigma) and RNA concen-

tration measured spectrophotometrically using a Nanodrop

N-1000 system (Nanodrop Technologies, Wilmington, DE,

USA). Formaldehyde gel electrophoresis was performed to

determine the integrity of total RNA by analysing bands

under UV light. Reverse transcription of sample RNA was

performed with Quantitect Reverse Transcription Kit

(Qiagen, Valencia, CA, USA) according to the manufac-

turer’s instructions, using half a microgram of total RNA.

The primers used were designed with the support of the

Primer-3 Web-Software (Whitehead Institute for Biomed-

ical Research, Cambridge, MA, USA) and synthesised by

Eurofins MWG Operon (Ebersberg, Germany). Primer

sequences and Accession numbers for the mRNAs ana-

lysed are described in Table 2. Genes analysed were GH,

POMC, CB1 receptor, GR, HSL, FBPase, COX-2, and

PKC. Real-time PCR, based on Quantitect Sybr Green

detection (Qiagen), was performed on 2 ll cDNA samples,

using a Chromo-4 Thermal Cycler (MJ Research Inc.,

Waltham, MA, USA). The relative concentrations of the

target amplicons were calculated by the cycler’s software

(Bio-Rad, Hercules, CA, USA) from a standard curve

created with serial dilutions of standard DNA. The relative

concentrations of target sequences in each run were

expressed as numbers of copies and normalised to 0.5 lg

of total RNA. All PCR products were checked for

specificity and purity from a melting curve produced by the

thermal cycler software at the end of each run.

Statistical Analysis

Data were analysed by a two-way ANOVA with SPSS 16.0

software package using diet and stocking density as fixed

factors. For data not presenting a normal distribution and/or

variance homogeneity, log-transformation was applied.

Differences were considered significant at an alpha level of

0.10 due to both small sample sizes caused by feasibility

constraints, and the exploratory character of this experi-

ment, as recommended by Rubin [31].

Table 2 Primers in the 50–30 direction used for the real-time PCR analysis

Primer Forward Reverse Product size (bp) Accession number

GH GCTCAGTGTTGAAGCTGCTG TGGGTGAAATCTGGTTCCTC 108 S54890

POMC GAGGAGTCAGCCGAGGTCTT GCCTTCTCCTCCTCCTCCT 101 AY714372

CB1 receptor AGCGTGCTGGTTCTTTTCAT ACAAGGCTCTTCTGGGAGGT 104 EF051620

COX-2 TGATCGAGGACTACGTGCAG AGTGGGTGCCAGTGGTAAAG 139 AB292357

PKC GACAGTTTGCCCTGTCTGGT GAGAAAGCCACGCTCAAAAC 118 DQ111989

GR CGGTCACTGCTACGTCTTCA CCTCCCAGCACACAGGTAAT 170 DQ486890

HSL GTTGCAGCCAGCTCTTTCTT TCGGTTTCAGTGATGTTCCA 134 EU781499

FBPase CTCTGCAGCCTGGAAGAAAC TCCAGCATGAAGCAGTTGAC 106 AF427867

Table 3 Fatty acid composition (% total fatty acids, TFA) of the

experimental diets

ML SBL

Total fatty acids (mg g-1 lipids) 500.6 534.5

Total

lipid

Polar

fraction

Total

lipid

Polar

fraction

Fatty acid (% TFA)

16:0 18.7 17.5 15.9 12.5

18:0 3.4 5.8 3.2 7.6

R SAFA 27.1 24.1 23.2 20.6

16:1n-7 4.7 0.5 4.6 0.5

18:1* 20.1 20.7 19.6 22.1

20:1n-9 6.5 5.2 5.5 2.3

R MUFA 31.3 26.4 29.8 24.8

18:2n-6 2.2 1.6 11.0 18.6

20:4n-6 0.9 0.7 0.6 0.4

R n-6 PUFA 3.5 2.5 12.2 19.1

18:3n-3 0.9 0.3 1.9 2.6

20:5n-3 12.0 15.4 10.3 11.2

22:5n-3 0.7 0.4 0. 8 0.4

22:6n-3 21.8 29.8 17. 6 20.7

R n-3 PUFA 38.0 46.5 34.9 35.3

R PUFA 41.5 49.0 51.0 54.4

* Sum of 18:1n-7 and 18:1n-9
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Results

Proximate composition of the experimental diets (dry

matter basis) showed high protein content (69–70%) and

lipid levels around 17–18% (Table 1). Saturated fatty acids

and n-3 series polyunsaturates, particularly docosahexae-

noic acid (DHA, 22:6n-3), were higher in the ML diet,

whereas the SBL diet contained higher levels of linoleic

(18:2n-6) and linolenic (18:3n-3) acids, as shown in

Table 3. Concerning dietary polar lipid fractions, the levels

of palmitic (16:0), eicosenoic (20:1n-9), and eicosapenta-

enoic (EPA, 20:5n-3) acids, as well as DHA, were more

elevated in the ML diet than in the SBL treatment, whereas

the latter presented a considerably higher content in lino-

leic acid than the ML diet.

At 32 DAH, larvae weighed 0.3 ± 0.0 mg and were

about 7.9 ± 0.2 mm long. Although classic growth per-

formance analysis was not a main objective of this study

due to its short duration, data relative to larval dry weight,

total length and relative growth rate (RGR) at the end of

the experiment are presented (Table 4), along with survival

and theoretical biomass results. No significant interaction

effects between diet and stocking density were detected for

these parameters. Statistical analyses revealed dietary

effects on dry weight, total length and RGR, such that

values obtained for ML fed larvae were higher than those

presented by SBL fed groups. Groups offered the SBL

treatment showed actual weight loss during the one-week

period whereas animals fed on the ML diet grew at about

3.6–3.8% per day. Nonetheless, high variation was

observed between replicate tanks with the ML-L treatment.

Although the SBL diet seemed to compromise growth,

Table 4 Growth performance of seabream larvae fed different phospholipid sources and stocked under different densities

Experimental treatment Significance level

ML-L ML-H SBL-L SBL-H Diet Density Diet 9 density

Dry weight (mg per larva) 0.5 ± 0.1 0.4 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 * NS NS

Total length (mm) 8.5 ± 0.7 8.8 ± 0.1 8.1 ± 0.3 7.8 ± 0.2 * NS NS

RGR (% per day) 3.8 ± 3.8 3.6 ± 0.6 -0.4 ± 2.3 -0.2 ± 0.8 * NS NS

Survival (%) 77.5 ± 1.8 59.5 ± 2.8 80.8 ± 6.6 54.2 ± 5.6 NS * NS

Theoretical biomass (mg) 35.4 ± 9.8 26.4 ± 2.4 27.3 ± 2.1 18.5 ± 0.8 * * NS

Values are means ± SD. Significant effects determined by two-way analysis of variance indicated by *P \ 0.10 or NS not significant

Fig. 1 Stocking density changes estimated during the experimental

period in all treatment groups

Table 5 Histological analysis of a muscle quadrant area, fibre number, small:large fibre ratio and fibre density (per mm2) in gilthead seabream

larvae fed the experimental diets and stocked under two different densities

Experimental treatment Significance level

ML-L ML-H SBL-L SBL-H Diet Density Diet 9 density

Total

Area (mm2) 42.1 ± 5.9 30.8 ± 5.4 37.4 ± 4.7 33.6 ± 5.0 NS NS NS

Small fibres 255.3 ± 18.7 239.0 ± 24.4 196.3 ± 19.2 159.8 ± 16.8 * NS NS

Large fibres 315.7 ± 29.6 272.5 ± 28.6 298.2 ± 27.1 257.2 ± 25.3 NS NS NS

Small:large fibres 0.8 ± 0.0 0.9 ± 0.1 0.7 ± 0.1 0.6 ± 0.0 * NS NS

Density

Small fibres 6.3 ± 0.8 8.4 ± 1.0 5.5 ± 0.5 5.0 ± 0.5 * NS NS

Large fibres 7.6 ± 0.5 9.3 ± 0.7 8.2 ± 0.4 8.1 ± 0.8 NS NS NS

Values are means ± SE. Significant effects determined by two-way analysis of variance indicated by *P \ 0.10 or NS not significant
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survival was not affected. Mortality occurred in all treat-

ments, especially until around day 5 in ‘‘H’’ groups which

resulted in lower stocking densities at the end of the

experiment than initially established (Fig. 1). Overall,

survival was lower in groups kept at the higher stocking

density (54.2–59.5%) than in ‘‘L’’ groups (77.5–80.8%).

Theoretical biomass decreased with both larval density

(P = 0.072) and the SBL regime (P = 0.092).

Results from muscle histology analysis are shown in

Table 5 and revealed no significant interaction effects

between diet and stocking density for any of the measured

parameters. Measurements of the cross-sectional area of a

quadrant of fish muscle (Fig. 2) did not reveal statistical

differences between treatments. Nonetheless, average val-

ues were between 37.4 and 42.1 mm2 for fish stocked at

low density, whereas those at high density showed average

areas of 30.8–33.6 mm2. Histological analysis of white

muscle showed dietary effects on the total number and

density of small fibres but not of large fibres. As such, fish

fed the SBL diet showed about 28% less small fibre

number and density compared to those fed the ML diet.

Overall, histological analysis pointed to a higher growth

potential in seabream supplied with ML as compared to

SBL groups.

Lipid content and total fatty acid composition of the

larvae are described in Table 6. Total lipid content

revealed a significant interaction effect between diet and

stocking conditions such that slightly higher levels were

found in SBL-H than SBL-L fish, whereas values were

very similar between ML diet groups. Deposition of 18:2n-6

was higher in fish fed SBL than in ML fed groups. Also,

slightly higher levels of 18:1n-9, 18:1n-7 and 18:3n-3 were

detected in SBL fed animals, whereas ML fed fish showed

larger accumulation of arachidonic acid (ARA, 20:4n-6)

and EPA than SBL groups. Analyses of the polar lipid

showed statistically significant interaction effects between

diet and stocking density for 18:0, 20:1n-9, and 18:3n-3.

Higher stocking density conditions resulted in increased

total saturated fatty acid (SAFA) levels, particularly 18:0 in

SBL fed groups (Table 7), and a reduction of total PUFA,

especially DHA. Differences were also found due to die-

tary treatments. Linoleic and linolenic acids were higher in

the polar lipid of SBL than ML fed animals, whereas ARA

remained highest in ML fed fish. Contrary to findings in the

total lipid fatty acid profile, EPA was kept at similar levels

in all treatment groups. Besides, unlike the trend observed

in dietary composition, DHA deposition in the larvae was

apparently unaffected by its dietary content.

Whole-body cortisol analysis did not show a significant

interaction effect between diet and stocking density or

statistical differences between treatments. Results are pre-

sented in Fig. 3. Average values were about 8.0 ng g-1

(larval wet weight) in fish stocked at high density. In ML-L

and SBL-L groups, average cortisol levels were 12.4 and

9.0 ng g-1, respectively. Displacement curves for cortisol

standards and sample serial dilutions are presented

(Fig. 4a). Validation tests for the ELISA involving a veg-

etable oil volume-boosting method showed values of

5.07% for intra-assay coefficient of variation (% CV) and

18.7% for inter-assay CV. Linearity r2 value was 0.9997

and parallelism was confirmed (Fig. 4b).

Results of the molecular analyses of gene expression are

presented in Fig. 5. No significant interaction effects

between diet and stocking density were identified for any

Fig. 2 Transverse sections through gilthead seabream larvae from

ML-L (a) and SBL-L (b) experimental groups stained with 1%

toluidine blue (209)
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of the genes analysed. Quantification of mRNA for GH,

POMC, CB1 receptor, FBPase, COX-2, and PKC showed

no significant differences under the experimental condi-

tions tested. Nonetheless, the expression of HSL and GR

genes was up-regulated in SBL groups compared to ML

fed larvae, whereas no statistical differences were found

due to stocking density.

Discussion

Early life stages in gilthead seabream are characterised by

hyperplastic growth of white myofibres [32, 33]. Small

muscle fibres are evidence of ongoing fibre hyperplasia in

fish muscle. This appears to have been less in fish fed the

SBL diet than in those supplied with ML, which indicates

hindered growth potential in the former although essential

fatty acid requirements were met for the species, according

to recommendations by Sargent et al. [34] and Castell et al.

[35]. These authors point at n-3 HUFA requirements of

about 1.5% of the diet when the ratio DHA/EPA is about 2,

and ARA levels between 0.5 and 1.0% of total dietary fatty

acids, respectively. On the other hand, survival was not

affected by dietary lecithin source. Instead, high stocking

density increased mortality, which was also related to

higher levels of saturated fatty acids, particularly stearic

acid (18:0), and lower DHA in the polar lipid fraction than

found in ‘‘L’’ groups. Thus, we hypothesise that membrane

fluidity might have been affected in ‘‘H’’ groups which

could have disturbed the activity of membrane-bound

enzymes, ion channels, or receptors and led to higher

mortality. The reasons why high density stocking would

cause the observed changes in polar lipid fatty acids are

unclear but results suggested that seabream larvae might

have a higher requirement for DHA under such rearing

conditions.

In gilthead seabream larvae, 5% dietary SBL inclusion

as provided in the present study was reported to increase

microdiet consumption rates perhaps due to an attractant

effect [36]. In another study, elevation of dietary polar lipid

levels improved microdiet ingestion in seabream, regard-

less of its soybean or marine origin [37]. Although feed

consumption was not determined in this experiment, sim-

ilar survival between dietary treatments and the fact that

whole-body fatty acid composition mirrored differences

between diets indicated the acceptance of the experimental

Table 6 Total lipid content and fatty acid composition (% TFA) of whole-body gilthead seabream larvae fed the experimental diets and stocked

under two different densities

Initial Experimental treatment Significance level

ML-L ML-H SBL-L SBL-H Diet Density Diet 9 density

Total lipids (mg g-1 DW) – 20.7 ± 2.3 19.8 ± 1.0 16.2 ± 2.3 21.8 ± 0.5 NS * *

Total fatty acids (mg g-1 lipids) – 433.8 ± 15.4 420.4 ± 50.8 449.1 ± 15.6 427.4 ± 38.3 NS NS NS

Fatty acid (% TFA)

16:0 20.1 23.0 ± 1.2 20.9 ± 2.7 22.1 ± 0.6 20.5 ± 0.9 NS NS NS

18:0 5.2 9.1 ± 0.0 9.2 ± 1.5 9.3 ± 0.4 8.2 ± 0.8 NS NS NS

R SAFA 30.1 36.5 ± 2.3 31.5 ± 4.3 33.2 ± 0.8 31.2 ± 2.1 NS NS NS

16:1n-7 5.5 3.2 ± 0.2 3.4 ± 0.7 3.5 ± 0.8 4.0 ± 1.0 NS NS NS

18:1n-9 12.3 13.1 ± 0.1 12.7 ± 0.9 13.9 ± 0.5 13.8 ± 0.1 * NS NS

18:1n-7 2.8 1.6 ± 0.2 1.8 ± 0.4 2.2 ± 0.0 2.1 ± 0.3 * NS NS

20:1n-9 0.9 1.7 ± 0.4 1.6 ± 0.6 1.7 ± 0.1 0.7 ± 0.9 NS NS NS

R MUFA 22.1 19.9 ± 0.7 19.8 ± 2.5 21.6 ± 0.2 20.8 ± 0.3 NS NS NS

18:2n-6 2.2 1.6 ± 0.0 1.7 ± 0.3 6.1 ± 0.3 6.6 ± 0.0 * NS NS

20:4n-6 1.5 4.0 ± 0.1 4.3 ± 0.5 3.6 ± 0.1 3.8 ± 0.2 * NS NS

R n-6 PUFA 5.2 6.4 ± 0.2 7.0 ± 1.2 10.2 ± 0.3 11.1 ± 0.2 * NS NS

18:3n-3 0.4 0.3 ± 0.1 0.3 ± 0.0 0.5 ± 0.0 0.6 ± 0.0 * * NS

20:5n-3 7.3 9.2 ± 0.2 10.5 ± 1.2 8.2 ± 0.4 8.8 ± 0.5 * NS NS

22:5n-3 2.6 5.6 ± 0.2 6.7 ± 1.0 5.9 ± 0.0 6.0 ± 0.5 NS NS NS

22:6n-3 30.1 21.8 ± 2.0 23.6 ± 3.6 20.0 ± 0.3 21.0 ± 1.1 NS NS NS

R n-3 PUFA 41.8 37.2 ± 1.9 41.7 ± 5.6 35.0 ± 0.7 36.8 ± 2.2 NS NS NS

R PUFA 47.0 43.6 ± 1.6 48.7 ± 6.8 45.3 ± 1.0 47.9 ± 2.4 NS NS NS

Values are means ± SD. Significant effects determined by two-way analysis of variance indicated by *P \ 0.10 or NS not significant. Values

referred for larvae initial fatty acid composition were based on typical values reported by Robin and Vincent [60] for 3 dph gilthead seabream
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diets. Therefore, the detrimental effects observed on

growth performance could be attributed to dietary leci-

thin origin. Surprisingly, despite numerous publications

reporting the importance of dietary phospholipids for fish

larvae, no studies have been published on the viability of

SBL use as compared to ML containing diets in marine

species. The efficiency of HUFA supplied through diet

under the phospholipid form in sustaining growth, as

exemplified in this study, is generally recognised [2].

However, the reasons for this are yet unclear. Perhaps due

to improved digestibility, marine phospholipids tend to be

more efficient in supplying essential fatty acids than neutral

lipids, although in freshwater fish SBL seems to satisfy

larval phospholipid requirements [1].

As expected, dietary fatty acid composition was

reflected in fish tissues. In SBL diet fed groups a sig-

nificant increase in linoleic acid was noted in both total

and polar lipids, concurrent with a decrease in ARA,

relative to ML fed larvae. Besides potential effects on

cell membrane lipid composition and function, dietary fat

has profound effects on gene expression. Polyunsaturated

fatty acids and their metabolites can act in conjunction

with nuclear receptors and transcription factors to affect

the transcription of a variety of genes [7] leading to

changes in metabolism, growth and cell differentiation

[6]. Thus, diet induced changes in gene expression could

provide indications as to mechanisms by which dietary

fatty acids could have regulated metabolism in larvae fed

distinct lecithins.

Table 7 Fatty acid composition of the polar lipid fraction (% TFA) of whole-body gilthead seabream larvae fed the experimental diets and

stocked under two different densities

Experimental treatment Significance level

ML-L ML-H SBL-L SBL-H Diet Density Diet 9 density

Total PL (mg g-1 DW) 570.0 ± 155.6 495.0 ± 49.5 665.0 ± 91.9 360.0 ± 84.9 NS NS NS

Total fatty acids (mg g-1 polar lipids) 481.7 ± 103.3 540.9 ± 114.2 505.1 ± 48.8 558.1 ± 83.3 NS NS NS

Fatty acid (% TFA)

16:0 16.2 ± 0.9 17.4 ± 1.6 15.3 ± 2.4 16.2 ± 3.6 NS NS NS

18:0 11.3 ± 0.4 12.2 ± 1.3 10.7 ± 0.2 15.3 ± 0.8 * * *

R SAFA 28.8 ± 1.7 30.5 ± 0.2 26.2 ± 2.1 32.0 ± 2.4 NS * NS

16:1n-7 0.9 ± 0.2 0.8 ± 0.1 0.8 ± 0.2 0.6 ± 0.2 NS NS NS

18:1 10.7 ± 0.6 11.0 ± 0.2 11.2 ± 0.9 11.1 ± 0.2 NS NS NS

20:1n-9 2.4 ± 0.3 2.2 ± 0.2 1.7 ± 0.1 2.4 ± 0.2 NS NS *

R MUFA 13.9 ± 0.7 14.0 ± 0.3 13.7 ± 1.2 14.0 ± 0.2 NS NS NS

18:2n-6 1.7 ± 0.6 1.5 ± 0.1 4.6 ± 0.6 4.3 ± 0.4 * NS NS

20:4n-6 5.3 ± 0.5 5.7 ± 0.3 4.7 ± 0.3 4.3 ± 0.0 * NS NS

R n-6 PUFA 7.2 ± 1.3 7.4 ± 0.2 9.5 ± 1.0 8.9 ± 0.2 * NS NS

18:3n-3 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.1 0.5 ± 0.1 * NS *

20:5n-3 11.0 ± 0.3 11.0 ± 0.7 10.7 ± 0.9 10.0 ± 0.2 NS NS NS

22:5n-3 7.0 ± 0.3 7.4 ± 0.6 7.2 ± 0.3 6.8 ± 0.5 NS NS NS

22:6n-3 30.4 ± 2.4 28.0 ± 0.3 31.2 ± 3.2 26.8 ± 1.1 NS * NS

R n-3 PUFA 49.1 ± 2.3 47.1 ± 0.3 49.9 ± 4.1 44.5 ± 1.7 NS NS NS

R PUFA 56.3 ± 1.0 54.4 ± 0.5 59.4 ± 3.1 53.4 ± 1.9 NS * NS

Values are means ± SD. Significant effects determined by two-way analysis of variance indicated by *P \ 0.10 or NS not significant

Fig. 3 Whole-body basal cortisol levels in seabream larvae fed

different phospholipid sources and stocked under different densities.

Values are means ± SE. Absence of letters means no statistical

differences (p [ 0.10)
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Despite the absence of differences between treatments

for whole-body cortisol concentrations, which were in

accordance with values reported by Szisch et al. [1] for

seabream, GR mRNA levels were higher in SBL diet fed

fish. A similar trend was noted for HSL which has been

identified as a glucocorticoid-sensitive gene in mammals

[38], containing glucocorticoid responsive elements

(GREs) in its promoter [39, 40]. This is also likely in fish as

enhanced lipolytic activity and increased free fatty acid

levels in the plasma are generally associated to the stress

response (reviewed by Mommsen et al. [12]). HSL cataly-

ses the rate-limiting step in fatty acid mobilization from

stored triglycerides, determining the supply of energy sub-

strates in the body [41]. A relative up-regulation of this

enzyme in SBL fed fish could hinder or even impair growth

as observed due to energy deviation away from anabolic

metabolism. The observed effects on larval growth were not

determined by differences in the gene expression of GH, the

main regulator of postnatal somatic growth stimulating cell

division, skeletal growth, and protein synthesis. GH can

also enhance lipolysis in starved fish, as seen in seabream

adipocytes [42]; however, feeding conditions did not differ

among experimental groups and HSL results did not appear

to be influenced by GH as its mRNA levels indicated.

Although GR mRNA and protein expression are not

always correlated, as seen in rainbow trout [43] no such

information is currently available for gilthead seabream.

Present results suggested an effect of dietary fatty acid

supply on the regulation of GR gene expression regardless

of values detected by whole-body total cortisol analyses.

Indeed, cortisol plasma concentrations may not always be

correlated to cytosolic GRs [44], and increased intracellular

concentrations of glucocorticoids can result from overex-

pression of 11-b hydroxysteroid dehydrogenase type 1

(11bHSD1; [45]) which converts cortisone to cortisol.

Thus, both protein levels of this enzyme and GRs can

determine the physiological activity of glucocorticoids.

Several possible pathways for the modulation of GR gene

expression by fatty acids may exist. Nuclear factor-kappa B

(NF-jB), a GR transcription factor [46], can be activated in

the presence of linoleic and oleic acids, as seen in rats [47],

and may have contributed for the enhancement of GR

expression in larvae fed the SBL diet. Peroxisome prolif-

erator-activated receptors (PPARs), probably the best

known factors in fatty acid regulation of gene transcription,

also interact with NF-jB and AP-1 [48], both transcription

factors for GRs (reviewed by Yudt and Cidlowski [49]).

Indeed, linoleic acid was reported to be a potent PPAR

activator relative to other fatty acids [50]. Another

hypothesis for GRs fatty acid modulation is that ARA

could bind these receptors at sites different from those

bound by steroids, hence inhibiting their activity [51].

Dose-dependent suppression of GR binding has been

reported for various unsaturated fatty acids likely as part of

a negative feedback mechanism [52]. Nonetheless, in this

study, seabream larvae showing lower GR and HSL tran-

scripts presented only slightly higher ARA levels in body

lipid.

Fig. 4 a Displacement curves for cortisol standards (black circles)

and serial dilutions of a gilthead seabream sample (black squares).

B absorbance reading of the sample or standard. B0 absorbance

reading of blank. Each point is the mean of duplicate determinations.

b Linearity and parallelism of the ELISA cortisol analysis method.

Each point is the mean of duplicate determinations
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The gene expression of POMC which encodes for

ACTH in gnathostomes was analysed due to the central

role of ACTH on cortisol production. POMC gene

expression results corroborated those obtained from corti-

sol measurements, further suggesting that the differential

expression of the GR gene was not determined by fatty

acids at the hypothalamus–pituitary–interrenal (HPI) axis

level.

PKC has important roles in various biological processes

(e.g., signal transduction, cell proliferation) including the

tonic inhibitor control of steroidogenesis as reported in

mammal cells stimulated by intracellular ARA [15, 16, 53].

In this study, results do not indicate that PKC was involved

in maintaining similar cortisol levels between groups. In

fact, PKC gene expression was so identical among samples

and experimental conditions that it could potentially be

used as a control gene in future studies with seabream, as

suggested in humans [54].

An acute stress challenge could be required for the

release of ARA in the cells and further evidencing effects

of dietary fatty acid supply on the expression of stress

response related genes. This could be underlying the lack

of differences regarding PKC as well as COX-2 gene

expression between treatments which did not appear to

relate to the observed results regarding both GR and HSL

genes. In fish, the endocannabinoid system is thought to

be involved in the modulation of adaptive responses to

environmental conditions [55]. For example, under non-

stressful conditions, production of 2-AG (2-arachidonoyl-

glycerol) is higher than in stressed animals, leading to CB1

receptor up-regulation, which depresses hypothalamus–

pituitary–adrenal (HPA) axis activity in mammals [56].

Several lines of evidence indicate that, through CB1

receptor activation, endocannabinoids can also regulate

NF-jB and AP-1 activities [57, 58], thus potentially

interfering with GR activity and the stress response. The

lack of differences between experimental groups was in

accordance with results obtained for other analysed genes,

like COX-2 and PKC further suggesting that the influence

of dietary lecithin on GR and HSL genes was exerted, in

non-acutely stressed larvae, at the level of GR activation

through factors independent from the classic HPI axis

regulation.

Gluconeogenesis, in which FBPase is a key enzyme, is

responsible for glucose production in response to cortisol

[12]. It is assumed that glucocorticoids stimulate gluco-

neogenesis by increasing PEPCK (phosphoenolpyruvate

carboxykinase) gene transcription which contains a GRE,

or by stimulating the supply of hepatic precursors

(reviewed by Mommsen et al. [12]). Thus, both higher GR

expression and lipolytic activity could have contributed to

enhance gluconeogenesis; instead, statistically similar

FBPase mRNA levels found between groups suggested a

more dramatic increase in GR activity could be required to

affect gluconeogenesis enzyme activities, as this is usually

associated with a rise in plasma cortisol levels.

In summary, changes induced in body fatty acid phe-

notype through dietary SBL supply exerted a lipolytic

effect, compared to ML fed fish, possibly mediated by GR

activity, which could have contributed importantly for the

detrimental effects observed on growth with the SBL diet.

Furthermore, the proposed regulation of GR activity by

fatty acids seems to have been independent from the action

of the HPI axis, the endocannabinoid system, COX-2

Fig. 5 Expression of genes using real-time PCR and SyBR green

detection in gilthead seabream larvae submitted to the experimental

conditions. The mRNA levels relative to ML-L treatment were

arbitrarily defined as 1 unit. Data are expressed as means ± SE.

Different letters mean significant differences (P \ 0.10). GH growth

hormone, POMC pro-opiomelanocortin, CB1 receptor cannabinoid

CB1 receptor, GR glucocorticoid receptor, HSL hormone-sensitive

lipase, FBPase fructose-1,6-bisphosphatase, COX-2 cyclooxygenase-

2, PKC protein kinase C
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activity, and did not appear to affect gluconeogenesis. On

the other hand, no effects of rearing density were found in

terms of the expression of genes analysed in this study,

although rearing conditions are generally known to inter-

fere with neuroendocrine homeostasis in fish.

The importance of dietary fatty acids on stress coping

ability has been repeatedly demonstrated in fish larvae

although with limited understanding of the physiological

mechanisms involved. Studies regarding fatty acid control

over fish GRs are scarce [59] despite their major role in

linking and integrating signaling pathways and regulatory

processes in cells, tissues, and whole organisms [49]. This

aspect is not only relevant in marine fish larval nutrition but

should be considered in dietary fish oil replacement

research, a recognised priority for the sustainable produc-

tion of farmed fish.
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22. Polo A, Yúfera M, Pascual E (1992) Feeding and growth of

gilthead seabream (Sparus aurata L.) larvae in relation to the size

of the rotifer strain used as food. Aquaculture 103:45–54
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with enlargement (hypertrophy) of adipocytes, macrophage

accumulation and subsequent changes in the production of

bioactive proteins or adipokines to favor a more pro-

inflammatory profile [3–5]. These changes are associated

with obesity-related health problems, the development of

metabolic syndrome and an increased risk of cardiovas-

cular disease [6–8]. Some of the pro-inflammatory adipo-

kines involved in pathogenesis of these diseases include

angiotensinogen, tumor necrosis factor (TNF)-a and inter-

leukin (IL)-6.

All components of the renin–angiotensin system (RAS),

including angiotensin II (AngII) and its precursor angioten-

sinogen, are present in adipose tissue and this local RAS has

been implicated in the regulation of adipose growth as well as

the regulation of blood pressure [9, 10]. In support of this

argument, mice that selectively over-express angiotensino-

gen in adipose tissue exhibit an increase in circulating

angiotensinogen and are hypertensive [9]. Upon binding to

its receptor, AngII also stimulates pro-inflammatory cyto-

kines through the activation of nuclear factor-jB (NF-jB)

[11], which further contributes to the pathogenesis of car-

diovascular complications [12].

Due to the large increases in obesity-related cardiovas-

cular complications, the need for preventative strategies is

at an all time high. The use of dietary compounds to pre-

vent or treat obesity-related cardiovascular risk factors may

be an attractive idea for some. Conjugated linoleic acid

(CLA) is a fatty acid derived from ruminant animals that is

being examined for its potential health benefits [13]. Our

laboratory has shown that feeding a mixture of CLA iso-

mers to obese fa/fa Zucker rats favorably alters levels of

adipokines in serum and epididymal adipose tissue, and at

the same time reduces adipocyte size [14]. A recent study

by Martins et al. [15] also showed increased serum

adiponectin levels in obese Zucker rats given a mixture of

CLA isomers and the potential for other cardiovascular

benefits such as lowered plasminogen activated inhibitor-1

levels. At this time, however, it remains unclear which

CLA isomer is responsible for reducing adipocyte size in

an obese model and if other adipose-derived proteins may

be affected. Research from other groups suggest that the

t10,c12-CLA isomer may be responsible for the cardio-

vascular benefits, such as improving blood pressure by

reducing adipose angiotensinogen mRNA [16]. At this

point, however, it remains unclear whether these changes

in angiotensinogen mRNA will affect angiotensinogen

protein levels or if CLA would have an effect on AngII

receptors. Additionally, previous studies examining CLA

and NF-jB have primarily been carried out in culture

models [17, 18], leaving the effects of CLA isomers in vivo

on NF-jB activation in tissues still to be determined. This

study was therefore designed to investigate the effects of

individual CLA isomers on epididymal adipocyte size and

to examine the relationship with the local adipose RAS in

obesity. The study focused on epididymal adipose tissue as

a visceral adipose depot because visceral adiposity is

associated with metabolic complications of obesity and

cardiovascular disease and is strong predictor of obesity-

related risk factors and mortality [19, 20].

Materials and Methods

Animals and Diet

During an 8-week experimental period, 6-week old male

fa/fa Zucker rats (n = 6/group; Harlan, Indianapolis, IN,

USA) received diets based on the AIN-93 formula differing

in the amounts of CLA isomers as previously published [21].

There were three groups (a) control diet (b) 0.4% (w/w)

cis(c)9,trans(t)11-CLA diet, and (c) 0.4% (w/w) t10,c12-

CLA diet. At the end of the feeding period, rats were

euthanized by CO2 asphyxiation and epididymal adipose

tissue was dissected, frozen in liquid nitrogen or Cryogel

embedding medium and subsequently stored at -80 �C until

analyzed. The University of Manitoba Protocol Management

and Review Committee approved the animal protocol which

was in agreement with the Canadian Council on Animal Care

Guidelines [22].

Morphometry

Tissues sections (10 lm thick) were cut on a cryotome and

mounted on SuperFrost Plus glass slides. Sections were

fixed in formaldehyde and assessed under a light micro-

scope (BH2-RFCA; Olympus) equipped with a camera (Q-

Imaging). Using Image J software as previously described

[14], a continuous block of 25 cells was measured in every

field to determine average cell size (lm2) and mean adi-

pocyte size per group was calculated. Based on Sturges’

rule [23], 10 different classes of adipocyte area were

determined and the cell size distribution for each treatment

group was expressed as a percentage. The number of adi-

pocyte was assessed by counting a 160 lm2 area in the

centre of each field/section and the mean number per group

was calculated.

RT-PCR Analysis

Total RNA was isolated from epididymal adipose tissue

using TRIzol reagent. The concentration of RNA and the

purity of the samples were assessed spectrophotometrically.

RNA was digested with DNase, reverse transcribed into

cDNA and amplified with an Access RT-PCR system kit

(Promega). Primer sequences for detection of angiotensin-

ogen, AngII receptor1a, AngII receptor1b, TNF-a, IL-6,
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IL-10 and ribosomal protein L32 (rpL32) mRNA can be

found in Table 1. In view of the fact that high levels of pro-

inflammatory mediators have been linked to obesity and

CLA is considered effective against obesity [24], we also

examined the anti-inflammatory mediator IL-10. cDNA

products were run on an agarose gel, visualized with Vista

Green Nucleic Acid Stain and relative intensity of the bands

was quantified by densitometry. Results are expressed as

arbitrary units after normalization to rpL32 expression.

Protein Extraction and Western Blotting

The bicinchoninic acid assay (Pierce) was used to deter-

mine total protein in samples isolated from adipose tissue

using a mortar and pestle and 39 sodium dodecyl sulfate

sample buffer. Adipose samples (15 lg protein) were

analyzed by Western blotting as described previously [25]

with antibodies (diluted 1:1,000) for angiotensinogen

(Fitzgerald), AngII receptor 2 (Santa Cruz), TNF-a (Cell

Signaling), IL-6 (Biosource), IL-10 (Biosource), NF-jB

(Cell Signaling), F4/80 (Abcam) and total mitogen-acti-

vated protein kinase (MAPK) (Cell Signaling). The latter

was used to account for possible variability in sample

loading. Autoradiography and scanning densitometry with

Quantity One image analysis software (BioRad) were used

to capture and quantify band intensities.

NF-jB Activation

Nuclear extracts from epididymal adipose tissue samples

were prepared using a Nuclear Extract Kit according to

manufacturer’s instructions (Active Motif). NF-jB binding

activity was determined using a TransAM NF-jB Tran-

scription Factor ELISA Kit according to manufacturer’s

instructions (Active Motif).

Statistical Analysis

Data were analyzed with Statistical Analysis Software

(SAS 6.04; SAS Institute, Cary, NC, USA) to examine the

effect of diet on cell size, mRNA and protein levels by a

one-way analysis of variance (ANOVA) followed by

Duncan’s multiple range test. Differences were considered

significant at P \ 0.05 and all results are expressed as

means ± standard error (SEM).

Results

Growth Performance and Feed Intake

There were no significant differences in body weight

gained (control 433 ± 10 g; c9,t11-CLA 452 ± 9 g;

t10,c12-CLA 453 ± 8 g) or epididymal adipose mass (data

not shown) among groups. Likewise, daily food intake was

similar among groups (control 27.2 ± 0.5 g/day; c9,t11-

CLA 28.8 ± 0.6 g/day; t10,c12-CLA 28.9 ± 0.4 g/day).

Adipocyte Size

Previously we reported that a mixture of CLA isomers

reduced adipocyte size [14], however, the contribution of

the individual CLA isomers was not investigated. There-

fore, the current study was designed to examine the effect

of individual CLA isomers on adipocyte size. The group

receiving the t10,c12-CLA isomer had 60% smaller adi-

pocytes compared to the control and c9,t11-CLA groups

(Fig. 1a, b). The distribution pattern of cell size shows that

80% of adipocytes in the t10,c12-CLA isomer group were

\2,000 lm2, with less than 2% of cells [5,000 lm2,

whereas the control group and the c9,t11-CLA group had a

Table 1 Primer sequences for

RT-PCR

F Forward primer, R reverse

primer

Gene name Primer sequence

Angiotensinogen F: 50-CAC GGA CAG CAC CCT ATT TT-30

R: 50-GCT GTT GTC CAC CCA GAA CT-30

TNF-a F: 50-GTC AGC CGA TTT TGC CAT TTC-30

R: 50-AAC GAT GAA CAC GCC AGT-30

IL-6 F: 50-CCC AAC TTC CAA TGC TCT CCT AAT G-30

R: 50-GCA CAC TAG GTT TGC CGA GTA GAC C-30

IL-10 F: 50-GGC TCA GCA CTG CTA TGT TGC C-30

R: 50-AGC ATG TGG GTC TGG CTG ACT G-30

rpL32 F: 50-TAA GCG AAA CTG GCG GAA AC-30

R: 50-GCT CGT CTT TCT ACG ATG GCT T-30

AngII receptor type 1a F: 50-CTC AAG CCT GTC TAC GAA AAT GAG-30

R: 50-TAG ATC CTG AGG CAG GGT GGA T-30

AngII receptor type 1b F: 50-CTT TCC TAC CGC CCT TCA GAT A-30

R: 50-TGA GTG CTT TCT CTG CTT CAA C-30
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53–63% of cells in the 2,000–5,000 lm2 range and more

than 25% of the cells were in excess of 5,000 lm2

(Fig. 3c). The group receiving the t10,c12-CLA isomer

also had 43% more adipocytes compared to the control and

c9,t11-CLA groups (Fig. 1d).

Adipokines in Adipose Tissue

It is suggested that adipocyte size alters the production of

adipokines [3–5] and because the t10,c12-CLA isomer

reduced adipocyte size we decided to explore the adipokine

status in the adipose tissue. Unexpectedly, the AngII pre-

cursor angiotensinogen was not changed at the gene

(Fig. 2a) or protein level (Fig. 3a) in the adipose tissue of

the rats fed CLA isomers. There was also no change in

AngII receptors (Figs. 2e, f, 3b). Similarly, TNF-a, IL-6

and IL-10 mRNA were unchanged with CLA isomers

(Fig. 2b–d). Likewise, protein levels of TNF-a, IL-6 and

IL-10 were similar among all groups (Fig. 3c–e). Because

macrophage infiltration occurs in obesity and contributes to

the pro-inflammatory state of adipose tissue [5], the mac-

rophage marker F4/80 was examined. None of the diets

influenced the levels of macrophages within the adipose

tissue (Fig. 4a).

NF-jB Activation

Given that NF-jB regulates many genes involved in

inflammation [11], we next examined the levels of phos-

phorylated NF-jB and its promoter binding activity in

epididymal adipose tissue. Neither CLA isomer affected

either NF-jB phosphorylation (Fig. 4b) or DNA binding

(Fig. 4c).

Discussion

The current study has demonstrated that feeding t10,c12-

CLA to obese fa/fa Zucker rats reduces epididymal adi-

pocyte size and increases cell number. The effect of CLA
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Fig. 1 Morphometry of

epididymal adipose tissue from

fa/fa Zucker rats fed CLA

isomers for 8 weeks (n =

5/group). Adipocyte size

(a) was quantified for each

treatment group and cell size

(b) is reported in lm2 for the

overall mean ± SEM. The

distribution of adipocyte size

(c) in each treatment group is

also shown. Number of

adipocytes (d) for each

treatment group is reported as

overall mean number of

cells ± SEM per 160 mm2.

Means with different letters are

significantly different

(P B 0.05) as determined by

Duncan’s multiple range test.

Control, fa/fa Zucker rats fed

0% CLA; CLA-9,11, fa/fa
Zucker rats fed 0.4%

c9,t11-CLA; CLA-10,12, fa/fa
Zucker rats fed 0.4%

t10,c12-CLA

1028 Lipids (2010) 45:1025–1033

123



on adipocyte size in rats has previously been examined

with either a mixture of CLA isomers [14, 26] or single

isomers in a non-obese model [27]. Earlier work examining

the effects of CLA mixtures on adipocyte size revealed that

other types of fat in the diet may influence the effects of

CLA [14, 26, 27]. For example, rats consuming diets based

on a soybean oil background and supplemented with a

mixture of CLA isomers have reduced cell size [14, 26],

whereas the effects of CLA are lost when the background

consists of saturated palm oil [27]. In the same study that

used palm oil, isomer specific effects were also examined

and the c9,t11-CLA isomer increased adipocyte size and
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consequently decreased the number of adipocytes per unit

of area in the inguinal and retroperitoneal depots of Wistar

rats [27]. The increase observed with the c9,t11-CLA iso-

mer was abolished when a mixture of CLA isomers was

provided [27], suggesting t10,c12-CLA may have benefi-

cial effects for reducing cell size. Lopes et al [27] also

showed rats receiving the t10c12-CLA isomer had signif-

icantly more adipocytes per unit area compared to the

group receiving the c9,t11-CLA isomer. In agreement

with this hypothesis, our study demonstrated that the

t10,c12-CLA isomer is responsible for reducing cell size

and increasing adipocyte number. Additionally, because

earlier work in fa/fa Zucker rats fed a mixture of CLA

isomers demonstrated that reduced adipocyte size was

associated with altered adipokines, we wanted to test if the

beneficial changes in adipocytes size observed with the

t10,c12-CLA isomer also produce changes in local adipose

RAS and cellular adipokine status.

Evidence suggests that obesity-related complications

may be due in part to the activation of a local RAS in
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Fig. 3 Epididymal adipose

tissue protein levels of

angiotensinogen (a), AngII

receptor type 2 (b), TNF-a (c),

IL-6 (d) and IL-10 (e) in fa/fa
Zucker rats (n = 4–6/group).

Protein levels were measured

using Western blot analysis. The

relative intensity of the protein

bands was quantified by

densitometry and normalized to

that of MAPK. Representative

Western blots are shown for

each plot. Data are presented as

means ± SEM. No significant

differences (P [ 0.05) were

detected by ANOVA. Control,

fa/fa Zucker rats fed 0% CLA;

CLA-9,11, fa/fa Zucker rats fed

0.4% c9,t11-CLA; CLA-10,12,

fa/fa Zucker rats fed 0.4%

t10,c12-CLA; AT2, AngII

receptor type 2
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adipose tissue [9, 28, 29], however, in the current study, no

significant differences were detected in adipose angioten-

sinogen levels or AngII receptors of CLA fed rats. To our

knowledge this is the first report describing the effect of

CLA isomers on AngII receptors. In contrast, previous

work showed OLETF rats fed the t10,c12-CLA isomer had

suppressed angiotensinogen gene expression in peri-renal

adipose tissue [16]. Furthermore, Hainault et al. [30]

showed angiotensinogen levels were greater in inguinal

adipocytes isolated from obese compared to lean Zucker

rats. Perhaps assessment of angiotensinogen mRNA or

protein levels in different adipose depots or different

models may be responsible for the varying results. Epi-

didymal adipose tissue was investigated in this study

because alterations in adipokine levels in epididymal adi-

pose tissue have been noted in this animal model [14]. We

measured angiotensinogen protein levels in epididymal

adipose tissue as well as peri-renal adipose tissue (data not

shown), however, we were unable to detect any dietary

effects on angiotensinogen levels in either depot. Addi-

tionally, it may be that a reduction in fat mass is required in

rats to achieve changes in angiotensinogen mRNA [31, 32].

Despite observing changes in adipocyte size, we did not

note any changes in adipokine status or macrophage

inflammation in the epididymal adipose tissue. However, it

is still possible that the inflammatory mediators produced

in liver, spleen, or other tissues could affect changes

observed with CLA supplementation. Gollisch et al. [33]

examined exercise as a means to reduce cell size and

inflammatory cytokines in Sprague Dawley rats, however,

results showed that maintenance of a small adipocyte size

by exercise did not alter IL-6 or TNF-a mRNA compared

to sedentary rats with increased adipocyte size. Thus,

lifestyle interventions aimed at altering adipocyte size to

improve inflammatory adipokine status of rats require more

investigation before conclusions can be drawn. In contrast,

studies in mice and isolated human adipocytes have clearly

demonstrated that the t10,c12-CLA isomer increases

mRNA levels of IL-6 and TNF-a in adipose tissue [17, 34].

Unlike the rat model used in the current study, mice
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Fig. 4 Epididymal adipose tissue F4/80 (a), phosphorylated NF-jB

levels (b) and NF-jB binding activity (c) in fa/fa Zucker rats (n = 6/

group). Protein levels were measured using Western blot analysis.

Relative intensity of the protein bands was quantified by densitometry

and normalized to that of MAPK. A representative Western blot is

shown. Activation of NF-jB was measured with TransAM ELISA

kits (Active Motif). Data are presented as means ± SEM. No

significant differences (P [ 0.05) were detected by ANOVA. Control,

fa/fa Zucker rats fed 0% CLA; CLA-9,11, fa/fa Zucker rats fed 0.4%

c9,t11-CLA; CLA-10,12, fa/fa Zucker rats fed 0.4% t10,c12-CLA;

nuclear extract, positive control

b
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(irrespective of their metabolic state) also display increased

macrophage infiltration when given t10,c12-CLA or a

mixture of CLA isomers [17, 35–37]. This study thus adds

to the literature that has demonstrated differences in the

inflammatory response between mice and rats when given

the t10,c12-CLA isomer.

Previous work using cell culture models suggests that

CLA isomers may be able to modulate NF-jB activity [18,

38, 39], thus to our knowledge this is the first study to

examine phosphorylation and binding activity of NF-jB in

adipose tissue after dietary intervention. Our results in

obese rats show no effect of either CLA isomer on NF-jB

phosphorylation or binding activity, however, these results

were not unexpected given that levels of the inflammatory

adipokines examined were unchanged by the treatments. In

contrast to the current study, isolated human adipocytes

treated directly with t10,c12-CLA isomer have increased

TNF-a and IL-6 mRNA and this was associated with an

increase in IjBa phosphorylation and NF-jB binding

activity [18]. Likewise, increased NF-jB binding activity

was demonstrated in human umbilical vein endothelial

cells treated with either the c9,t11-CLA or t10,c12-CLA

isomer [38]. In a mouse macrophage cell line (RAW264.7),

however, a mixture of CLA isomers reduced phosphory-

lated IjBa and NF-jB binding activity [39]. Additionally,

a significant increase in NF-jB activity is observed in

murine myotubes treated with t10,c12-CLA isomer but not

murine myoblasts [40]. Thus, it appears that differing

results occur not only between obese rat and mouse models

but also different cell types, emphasizing the need for more

research in this area. Future work is necessary to determine

cell and species-specific effects of CLA isomers, as well as

determine if therapeutic strategies that reduce adipocyte

size can directly alter adipokine production and secretion.

In conclusion, this study demonstrates that t10,c12-CLA

is the isomer responsible for the reduction in adipocyte size

that was observed in an earlier study using a mixture of

CLA isomers in fa/fa Zucker rats [14]. The reduction in

adipocyte size, however, did not alter components the local

adipose RAS such as angiotensinogen and AngII receptors,

or associated adipokines such as TNF-a, IL-6 and IL-10.

Furthermore, CLA isomers have no influence on macro-

phage infiltration or NF-jB activity in the adipose tissue of

obese Zucker rats. Therefore, further work is needed to

determine if there are any functional changes in the adi-

pocyte as a result of reduced cell size via t10,c12-CLA

isomer treatment.
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morphologic alterations, including impaired body-weight

gain, changes in body composition, hepatic steatosis and

lipid changes, both in animals and humans [1]. In order to

reverse the negative consequences of protein depletion, it is

important to supply an adequate equilibrium of nutrients. In

this regard, Kern et al. [2] have recently reported that it is

not recommended to provide a high protein diet, and that

the type and amount of dietary fat might play an important

role in the nutritional intervention to overcome the protein

deficit stage.

Conjugated linoleic acid is a group of positionally and

geometrically conjugated dienoic isomers of linoleic acid

produced by the biological and/or industrial hydrogenation/

isomerization of fatty acids (FA) [3]. In natural fats, c9,t11-

CLA is the main CLA isomer, while synthetic products

commercially available for human consumption are com-

posed of an equimolecular mixture of c9,t11-CLA and

t10,c12-CLA as main sources of FA isomers. c9,t11-CLA

has called the attention of many researchers for its anti-

carcinogenic properties [4] and today there is evidence of

the beneficial and detrimental effects of both isomers on

humans and experimental animals [5–7]. Although it is well

known that the effects of the individual isomers are dif-

ferent, most clinical studies were carried out with different

commercial mixtures containing predominantly c9,t11-

CLA and t10,c12-CLA [8]. Considering that the FDA has

recently approved CLA as a ‘Generally Recognized as

Safe’ (GRAS) category [9] (http://www.fda.gov/Food/Food

IngredientsPackaging/GenerallyRecognizedasSafeGRAS/

GRASListings/ucm153908.htm), a measure that will foster

the commercial production of food and beverages with CLA

supplementation, we believe that the study of its functional

properties is relevant. In terms of functional impact, these

FA have displayed several bioactive properties such as

decrease of body fat, increase of lean body mass and pro-

tection against muscle catabolism induced by endotoxins

[10], mainly in animal models. In well-nourished animals,

CLA can be incorporated into tissues [11] and metabolized

[12]. By means of different biochemical mechanisms, CLA

modulates the concentration of triacylglycerol (TAG) in

liver, adipose tissue and plasma [13], regulates the oxidative

status [14], affects some enzyme activities [15] and changes

the hormonal and mediators milieu [16] in different species.

Many of the effects attributed to CLA, such as increase

in lean body mass and regulation of lipid metabolism,

suggest that CLA could play an important role in the

recovery of the catabolic status, as reported in animals

injected with lipopolysaccharide [17]. We have reported

elsewhere [18] the potential beneficial effect of CLA on the

recovery of protein malnutrition. Another factor benefitting

recovery after protein depletion could be the intake of high-

energy-density diets [1] by increasing the amount of die-

tary fat. In this sense, previous work from our laboratory

[18] demonstrated that the intake of a commercially

available CLA oil showed preventive effects on liver and

adipose tissue lipid accumulation when administered in

protein repletion diets with high (20%, w/w) fat content,

although no effects were observed on nitrogen retention.

Given these findings, the first aim of the present study was

to investigate the effect of CLA oil at two different

amounts of dietary fat on parameters related to TAG reg-

ulation in rats during protein repletion, specifically hepatic

TAG secretion and circulating TAG removal. As these

changes could be related to alterations in the FA profile of

plasma and different tissues, the second objective of this

study was to assess the incorporation of CLA and the

potential alterations on FA composition in plasma, liver

and epididymal white adipose tissue (EWAT) of protein

repleted rats. On the other hand, it has been suggested that

protein depletion could lead to an increase in oxidative

damage by diminishing antioxidant defenses [19]. Free

radicals have been implicated in the development of sev-

eral nutritional and metabolic diseases such as dyslipide-

mia and obesity [20], and hepatic steatosis has also been

related to the onset of liver lipid peroxidation [21]. Since

polyunsaturated FA and CLA intake has been previously

reported to influence the oxidative status [14, 20], the

modifications of lipid profile and/or FA metabolism could

impact on liver lipid peroxidation. Therefore, our third aim

was to investigate the effect of CLA on the liver oxidative

status in rats fed CLA at two different amounts of dietary

fat in protein repletion.

Materials and Methods

Materials

Most nutrient compounds, including vitamins and minerals

for diet preparations were chemical grade or better, with

the exception of corn oil (Mazola, Argentina), sucrose,

cellulose, and corn starch which were obtained from local

sources. CLA rich oil was kindly provided by Lipid

Nutrition B.V. (Wormerveer, The Netherlands). Standards,

biochemical reagents and enzymes were obtained from

Sigma Chemical Co. (St. Louis, MO, USA). 3H-Triolein

was acquired from Perkin Elmer (Boston, USA). The

plasma TAG kit was purchased from Wiener Co. (Rosario,

Argentina). All solvents and reagents used for the FA

quantification were of chromatography grade and all the

other chemicals used were at least ACS purity.

Preparation of Diets

The composition of diets is shown in Table 1 and was

based on the American Institute of Nutrition Ad Hoc
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Committee recommendation (AIN-93G) [22]. The control

(C) diet (1656.9 KJ/100 g) contained 20% of casein as

protein source and 7% of corn oil (20% of energy) as

dietary fat source. The LP diet contained 5% of casein,

isocalorically balancing the protein with carbohydrates.

High energy diets were achieved by increasing 2.86-fold

the total dietary fat content. Therefore, in the HF diet, 13%

of oil replaced an identical amount of carbohydrates,

obtaining a hypercaloric diet (1928.8 KJ/100 g and 38.5%

of energy as fat). CLA was included in an ‘‘oil mixture’’,

which contained 85% of corn oil and 15% of CLA rich oil.

Thus, CLA represented 1% (w/w) in the C ? CLA diet and

2.86% (w/w) in the HF ? CLA diet, securing a constant

ratio between CLA and the linoleic acid (18:2n-6) provided

by corn oil, given the fact that the competition between

CLA and this FA could affect the action of the former [11].

Corn oil was replaced by this ‘‘oil mixture’’ in both the

C ? CLA and HF ? CLA diets. The CLA rich oil chosen

for the present study is commercially available for human

consumption, composed of an equimolecular mixture of

c9,t11-CLA and t10,c12-CLA as main sources of isomeric

FA. All diets exceeded the essential FA recommendations.

The FA composition of corn oil and the ‘‘oil mixture’’ as

methyl esters was determined by gas chromatography (GC)

using the same procedure indicated below, as shown in

Table 2. Each diet was freshly prepared every 3 days

throughout the experimental period.

Animals and General Protocol

All the studies were conducted in agreement with the

regulations of the School of Biochemistry, Guide to the

Care and Use of Experimental Animals of Laboratory [23].

Experiments were carried out on male Wistar rats provided

by the ‘‘Comisión Nacional de Energı́a Atómica’’ (Buenos

Aires, Argentina) which were housed in the animal quar-

ters. During the experimental period, they were kept under

controlled conditions (23 ± 2�C and a 12-h light–dark

cycle). For 2 weeks, the animals had free access to water

and to the control (C) diet with recommended levels of

nutrients [22], until they reached 100–110 g of body

weight. A basal (B) group was formed with six of these

animals. In order to obtain the basal values of some met-

abolic parameters, they were then weighed and sacrificed

(9.00–11.00 a.m.) under anaesthesia (1 ? 100 mg of aze-

promazine and ketamine/ kg b.w., respectively), to collect

blood and dissected tissues according to the assay proposed

or to perform the in vivo hepatic TAG secretion test. Blood

samples were centrifuged at 4�C and plasma was imme-

diately used or frozen and stored at -80 �C until analyzed.

Liver, gastrocnemius muscle and EWAT were frozen,

weighed and stored at -80�C until processed.

The rest of the animals were fed ad libitum an isocaloric

low protein (LP) diet for 14 days. After this partial protein

depletion period, six rats were weighed and killed fol-

lowing the procedure mentioned above, and the remaining

animals were divided into four groups (n = 6) and fed

ad libitum during a 30-day period with normal (20%, w/w)

levels of casein, and 7% (w/w) or 20% (w/w) (high fat, HF)

of dietary fat, supplemented or not with CLA; thus, the

protein repletion dietary groups were identified C ? CLA,

C, HF ? CLA and HF, respectively. At the end of the

Table 1 Composition of the experimental diets (g/kg diet)

Ingredient LP C C ? CLA HF HF ? CLA

Corn starch 679.5 529.5 529.5 399.5 399.5

Casein 50 200 200 200 200

Sucrose 100 100 100 100 100

Corn oil 70 70 – 200 –

Oil mixturea – – 70 – 200

Fibre 50 50 50 50 50

Mineral mixtureb 35 35 35 35 35

Vitamin mixtureb 10 10 10 10 10

L-Cystine ? L-

methionine

3.0 3.0 3.0 3.0 3.0

Choline 2.5 2.5 2.5 2.5 2.5

LP Low protein, C control, C ? CLA C supplemented with CLA, HF
high fat diet, HF ? CLA HF supplemented with CLA
a Oil mixture contained 85% of corn oil and 15% of CLA rich oil
b Vitamin and mineral mixtures were formulated according to Reeves

[22]

Table 2 Fatty acid composition of dietary oils

Fatty acids Corn oil Oil mixture

14:0 0.05 0.04

16:0 12.29 11.23

16:1 0.11 0.09

17:0 0.07 0.06

18:0 1.90 1.96

18:1 30.39 27.67

18:1n-7 1.15 1.12

18:2n-6 52.34 44.72

c9,t12-18:2 0.06 0.11

t9,c12-18:2 0.04 0.03

c9,t11-CLA ND 5.71

c11,t13-CLA ND 0.14

t10,c12-CLA ND 5.71

18:3n-3 0.96 0.82

20:0 0.45 0.43

20:1 0.20 0.17

Values are means as weight percentage (w/w) of the total fatty acid

methyl esters

ND Not detected
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protein repletion with the four recovery diets, all the ani-

mals were weighed and killed as previously mentioned.

Determination of Muscle Triacylglycerol Concentration

Portions of frozen muscle were powdered, homogenized in

saline (10% w/v) and their TAG concentration was quan-

tified by a spectrophotometric method [24].

Analysis of Lipoprotein Lipase Activities

Since skeletal muscle and adipose tissue are the main

tissues involved in the removal of plasma TAG-rich lipo-

proteins by the lipoprotein lipase (LPL) enzyme, gastroc-

nemius muscle and EWAT were chosen to measure the

LPL activities using 3H-Triolein as a substrate, according

to the technique described by Nilsson-Ehle and Schotz

[25]. In the case of EWAT, the results were expressed as

miliUnits (mU) per gram of EWAT (mU/g EWAT) and

mU per whole pad of EWAT (mU/EWAT) (1 mU = 1 n-

mol/min). In the gastrocnemius muscle, enzyme activity

was expressed as mU/g gastrocnemius.

Estimation of In Vivo Hepatic Triacylglycerol

Secretion

Another set of animals (n = 36) submitted to the same

dietary treatments was fasted overnight and anaesthetized,

as indicated above. 600 mg/kg of body weight of Triton

WR 1339 in saline solution, an agent known to inhibit

peripheral removal of TAG-rich lipoproteins, was injected

i.v. [26]. Blood samples were taken immediately before

and 120 min after the injection of Triton solution for the

estimation of TAG accumulation in plasma. Since the

weight of the animals was different between the experi-

mental groups (especially between LP and C), the hepatic

TAG secretion was calculated taking into account the TAG

accumulation in plasma using the following formula:

Hepatic TAG secretion nmol=ml=minð Þ
¼ TAG120 � TAG0½ �=120;

where TAG0 and TAG120 were the plasma TAG concen-

tration (nmol/ml) at 0 and 120 min after Triton WR 1339

administration and 120 was the experimental time in

minutes.

Lipid Extraction and Fatty Acid Analysis

Total lipids were extracted from liver, EWAT and plasma

samples collected at 0 and 120 min of the in vivo hepatic

TAG secretion estimation test using the Bligh and Dyer

[27] method. Extracted FA were methylated using sodium

methoxide, and FA methyl esters (FAME) were analyzed

by GC using a Shimadzu 2014 chromatograph equipped

with a flame ionization detector. FAME were identified by

comparison of their retention times relative to those of

commercial standards (AccuStandard, New Haven, USA

and Sigma, St. Louis, MO, USA). Another set of standards

was provided by CYTED network 208RT0343. Chro-

matographic data processing was performed with GC

Solutions software. All individual FA results were

expressed as mol/100 mol of total FAME. FA with con-

centrations lower than 0.5 wt% were considered minor, and

were not shown unless they were CLA isomers. FA com-

position of the lipids secreted by the liver was estimated

considering plasma FA composition and lipid content at 0

and 120 min of the in vivo hepatic TAG secretion test.

Analysis of Liver Oxidative Stress Parameters

To quantify the liver lipid peroxidation (LPO), malondi-

aldehyde was measured using the thiobarbituric acid

method reported by Ohkawa et al. [28]. LPO was expressed

as nmol malondialdehyde equivalents/g of liver.

Total liver glutathione (GSH) concentration, as the main

non-protein sulfhydryl compound, was measured according

to the method reported by Ellman et al. [29]. GSH con-

centration was expressed as lmol GSH/g of liver.

Catalase and glutathione peroxidase (GSH-Px) activities

were assessed in liver by the method reported by Aebi [30]

and Paglia and Valentine [31], respectively. CAT and

GSH-Px activities were expressed as U (lmol/min)/mg

protein. Protein concentrations in each fraction were

determined by the method proposed by Lowry et al. [32].

Statistics

Values were expressed as the means ± standard errors of

six animals per group. Statistical differences between the

LP and B group mean, and between the C and LP group

mean were established by unpaired Student’s t test. The

data to compare the effect of different diets during protein

repletion was statistically analyzed by two-way ANOVA

(2 9 2) using CLA supplementation and amount of dietary

fat as independent variables. All post hoc multiple com-

parisons were made using Scheffe’s critical range test.

Significant differences were considered at P \ 0.05.

Results

We found a significantly decreased hepatic TAG secretion

in circulation (-26%) and a higher EWAT LPL activity

(Table 3), which could be two of the biochemical mecha-

nisms involved in the decrease of plasma TAG and the

increase of hepatic TAG concentration previously observed

1038 Lipids (2010) 45:1035–1045

123



during protein depletion [18]. In addition, gastrocnemius

LPL activity was decreased, matching with the signifi-

cantly reduced TAG concentration (lmol/g; LP 3.33 ±

0.33 vs B 5.35 ± 0.51, P \ 0.05).

Protein repletion with 7% (w/w) of dietary fat (C group)

restored hepatic TAG secretion. EWAT LPL activity (mU/

g EWAT) was decreased in this dietary group, but as the

weight of this tissue was increased, its contribution to the

circulating TAG removal (mU/EWAT) was not changed.

In addition, LPL activity, as well as the TAG concentration

in gastrocnemius muscle remained unchanged when com-

pared to the LP diet (lmol/g; C 3.95 ± 0.69 vs LP

3.33 ± 0.33, not significant).

Conjugated linoleic acid at 7% (w/w) of dietary fat

increased the hepatic TAG secretion 15% without affecting

LPL activity in both EWAT and muscle. In addition,

muscle TAG concentration remained unchanged by CLA

(lmol/g; C ? CLA 3.22 ± 0.33 vs C 3.95 ± 0.69, NS).

However, protein repletion with HF diets strikingly

decreased TAG secretion by the liver (-23% vs C group)

(Table 3). This fact was related to the low plasma TAG

concentration and to the lack of normalization of hepatic

TAG concentration. In contrast, the HF diet did not induce

changes in LPL activity in EWAT or in muscle. The HF

diet in the presence and in the absence of CLA showed

higher muscular TAG concentration (lmol/g; HF

5.23 ± 0.52 and HF ? CLA 4.44 ± 0.47 vs C 3.95 ± 0.69

and C ? CLA 3.22 ± 0.33, P \ 0.05, respectively), rela-

ted to a slight but not significant increase in muscular LPL

activity (Table 3).

All these alterations in the lipid metabolism were

accompanied by modifications in FA composition in

plasma, liver and EWAT. In plasma (Table 4), protein

depletion mainly raised the levels of 16:0, 16:1n-9, 18:1n-

9, 22:4n-6 and 22:5n-6, while it decreased the level of 18:0

FA. Protein repletion with 7% (w/w) of dietary fat tended

to normalize these changes, even though not completely.

On the other hand, protein repletion with HF diets

decreased the levels of 16:0 and more markedly that of

16:1n-9, as well as it increased the levels of 18:0 and

18:2n-6. Dietary CLA was significantly incorporated into

plasma lipids in C ? CLA and HF ? CLA groups, not

linked to the amount ingested. The levels of t10,c12-CLA

were much smaller than those of c9,t11-CLA, although

both isomers were equimolecularly present in both CLA

containing diets. CLA incorporation was associated to

decreased 16:0 levels.

The FA composition of the lipids secreted by the liver

during the TAG secretion test was shown in Table 5.

Protein depletion increased the levels of 16:0 and 18:1n-9

and reduced 18:0 and 20:4n-6. In protein repletion, most of

the FA alterations induced by the LP diet were normalized.

As observed in basal plasma, dietary CLA was incorpo-

rated into the TAG secreted by the liver, not linked to the

amount ingested. It can be assumed that the lipids secreted

by the liver were more affected by CLA than by the amount

of dietary fat. Mainly, CLA supplementation reduced

MUFA and increased the 18:0 of the lipids secreted by the

liver. With respect to 18:2n-6, besides the increase exerted

by HF, CLA intake decreased its level, and this led to its

normalization in the HF ? CLA group.

Liver FA composition (Table 6) showed that protein

depletion reduced the levels of 20:4n-6, 22:5n-3 and 22:6n-

3 PUFA. Protein repletion with 7% (w/w) of dietary fat did

not reverse these alterations. On the other hand, protein

repletion with HF diets markedly increased the 18:2n-6

level, and it also decreased the level of C16 FA. In the liver

of CLA fed rats, both CLA isomers were incorporated;

however, the level of t10,c12-CLA was lower than that of

c9,t11-CLA. In addition, mainly t10,c12-CLA level was

higher in liver than in plasma, increasing the t10,c12-CLA/

c9,t11-CLA ratio. The SCD-1 indexes were calculated in

Table 3 Parameters related to TAG regulation

B LP Protein repletion ANOVA

C C ? CLA HF HF ? CLA

Hepatic TAG secretion

(nmol/ml/min)

49.89 ± 2.16 36.9 ± 2.70* 49.05 ± 2.01#,a 57.48 ± 2.99b 37.86 ± 2.28c 53.28 ± 2.67b Fat, CLA

LPL activities

mU/g gastrocnemius 71.8 ± 4.8 43.6 ± 2.4* 49.7 ± 1.9 43.2 ± 3.1 52.1 ± 4.5 54.4 ± 4.2 NS

mU/g EWAT 407.2 ± 32.7 496.8 ± 25.0 171.1 ± 14.8# 205.0 ± 15.5 195.0 ± 23.3 210.9 ± 15.1 NS

mU/EWAT 160.0 ± 14.5 328.1 ± 13.3* 319.8 ± 34.7 354.6 ± 29.6 480.5 ± 39.7 465.2 ± 41.0 NS

Values are means ± standard errors of the mean (n = 6)

B Basal, LP low protein, C control, C ? CLA C supplemented with CLA, HF high fat, HF ? CLA HF supplemented with CLA, TAG
triacylglycerol, LPL lipoprotein lipase, mU/g EWAT miliUnits per gram of epididymal white adipose tissue, mU/EWAT miliUnits per whole pad

of epididymal white adipose tissue, NS not significant

*P \ 0.05 versus B. #P \ 0.05 versus LP. Different superscript letters indicate significant differences at P \ 0.05 by Scheffe’s test after

ANOVA (2 9 2) between protein repletion groups
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Table 4 Plasma FA composition (wt%) as methyl esters

B LP Protein repletion ANOVA

C C ? CLA HF HF ? CLA

SFA

16:0 22.73 ± 2.20 31.69 ± 1.58* 26.73 ± 0.46#,a 25.64 ± 0.27a,b 24.06 ± 0.49b,c 22.68 ± 0.48c Fat, CLA

18:0 19.76 ± 0.70 12.46 ± 0.12* 14.78 ± 0.03#,a 14.63 ± 0.35a 16.47 ± 0.10b 15.76 ± 0.66b Fat

MUFA

16:1n-9 0.54 ± 0.02 1.29 ± 0.11* 0.87 ± 0.31a 1.38 ± 0.07a 0.26 ± 0.01b 0.37 ± 0.08b Fat

18:1n-9 8.81 ± 0.65 14.83 ± 1.42* 12.55 ± 0.50 13.05 ± 0.43 11.49 ± 0.09 12.34 ± 0.91 NS

18:1n-7 1.25 ± 0.05 1.22 ± 0.12 1.48 ± 0.52 1.96 ± 0.02 1.20 ± 0.01 1.29 ± 0.04 NS

PUFA

18:2n-6 21.71 ± 1.13 21.40 ± 2.39 19.61 ± 0.53a 20.53 ± 0.08a 22.14 ± 0.06b 23.08 ± 0.36b Fat

c9,t11-CLA ND ND NDa 0.74 ± 0.03b NDa 0.77 ± 0.10b CLA

t10,c12-CLA ND ND NDa 0.19 ± 0.02b NDa 0.13 ± 0.04b CLA

20:4n-6 23.07 ± 4.28 15.10 ± 1.54 19.58 ± 1.30 16.25 ± 0.50 19.51 ± 0.69 19.45 ± 0.98 NS

22:4n-6 ND 0.45 ± 0.02* 0.25 ± 0.10a 0.52 ± 0.05a,b 0.63 ± 0.07b 0.35 ± 0.05a,b CLA 9 fat

22:5n-6 ND 0.42 ± 0.24* 0.44 ± 0.19 0.79 ± 0.09 1.06 ± 0.25 0.69 ± 0.12 NS

22:6n-3 0.59 ± 0.42 0.61 ± 0.10 0.27 ± 0.10 0.51 ± 0.02 0.52 ± 0.04 0.53 ± 0.10 NS

Minor/unknown 1.54 0.55 3.42 3.80 2.66 2.56

Values are means ± standard errors of the mean (n = 6)

B Basal, LP low protein, C control, C ? CLA C supplemented with CLA, HF high fat, HF ? CLA HF supplemented with CLA, NS not

significant, FA fatty acid, SFA saturated FA, MUFA monounsaturated FA, PUFA polyunsaturated FA

*P \ 0.05 versus B. #P \ 0.05 versus LP. Different superscript letters indicate significant differences at P \ 0.05 by Scheffe’s test after

ANOVA (2 9 2) between protein repletion groups

Table 5 Fatty acid composition of the lipids secreted by the liver (wt%) as methyl esters

B LP Protein repletion ANOVA

C C ? CLA HF HF ? CLA

SFA

16:0 22.75 ± 1.23 28.31 ± 0.51* 25.96 ± 0.53#,a 24.44 ± 0.25b 24.27 ± 0.13b 22.26 ± 0.21c Fat, CLA

18:0 15.39 ± 1.10 10.50 ± 0.41* 11.83 ± 0.54a 13.76 ± 0.11a 12.05 ± 0.31a 18.44 ± 0.56b Fat, CLA, CLA 9 fat

MUFA

16:1n-9 0.84 ± 0.06 1.21 ± 0.35 2.19 ± 0.33a 1.35 ± 0.23a,b 1.10 ± 0.19b,c 0.31 ± 0.03c Fat, CLA

18:1n-9 13.13 ± 1.20 17.82 ± 0.59* 13.16 ± 0.51#,a 10.47 ± 0.61b 14.87 ± 0.73a 9.64 ± 0.72b CLA

18:1n-7 1.71 ± 0.19 1.54 ± 0.20 1.81 ± 0.17a 1.29 ± 0.16b 1.56 ± 0.21a 0.95 ± 0.01b CLA

PUFA

18:2n-6 21.82 ± 1.00 20.50 ± 2.14 22.14 ± 0.36a 20.70 ± 0.31a 28.21 ± 0.36b 22.03 ± 0.61a Fat, CLA, CLA 9 fat

c9,t11-CLA ND ND NDa 0.62 ± 0.01b NDa 0.58 ± 0.10b CLA

t10,c12-CLA ND ND NDa 0.10 ± 0.06b NDa 0.37 ± 0.03b CLA

20:4n-6 16.93 ± 0.78 12.37 ± 0.78* 17.62 ± 0.57a 18.62 ± 0.89a,b 14.26 ± 0.33c 20.74 ± 0.34b CLA, CLA 9 fat

22:4n-6 ND 0.63 ± 0.07* 0.28 ± 0.06a 0.68 ± 0.03b 0.39 ± 0.01a 0.49 ± 0.03a,b CLA, CLA 9 fat

22:5n-6 ND 0.72 ± 0.13* 1.13 ± 0.09a 1.41 ± 0.06a 0.63 ± 0.01b 1.04 ± 0.16a,b Fat, CLA

22:6n-3 1.96 ± 0.71 0.50 ± 0.28 0.92 ± 0.11 1.14 ± 0.04 0.87 ± 0.07 1.19 ± 0.17 NS

Minor/unknown 5.47 5.90 2.96 5.42 1.79 1.98

Values are means ± standard errors of the mean (n = 6)

B Basal, LP low protein, C control, C ? CLA C supplemented with CLA, HF high fat, HF ? CLA HF supplemented with CLA, NS not

significant, FA fatty acid, SFA saturated FA, MUFA monounsaturated FA, PUFA polyunsaturated FA

*P \ 0.05 versus B. #P \ 0.05 versus LP. Different superscript letters indicate significant differences at P \ 0.05 by Scheffe’s test after

ANOVA (2 9 2) between protein repletion groups
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liver by determining the amount of conversion of SFA

(16:0 and 18:0) to MUFA (16:1 and 18:1). The 16:1/16:0

and 18:1/18:0 ratios served as a surrogate markers for

SCD-1 activity as 16:0 and 18:0 were the predominant

substrates for the SCD-1 enzyme. The changes on MUFA/

SFA ratios exerted by the HF diets reduced both SCD-1

indexes. Although CLA incorporation was not associated

with statistically significant changes in MUFA and SFA,

the 16:1/16:0 ratio was decreased in 70% in HF ? CLA

versus HF group, while the 18:1/18:0 ratio was reduced

50% in C ? CLA versus C group.

In EWAT, protein depletion decreased the level of

18:2n-6 and its derivatives, as well as it increased 18:0,

18:3n-3 and 22:5n-3 FA (Table 7). Protein repletion with

7% (w/w) of dietary fat normalized most of the changes in

the FA profile induced by the LP diet. Recovery with the

HF diets increased the level of 18:2n-6 and decreased that

of 16:1n-9, reaching statistical significance in the presence

of CLA. In EWAT, the incorporation of both isomers was

higher than in liver and plasma, being 40% higher in

HF ? CLA than in C ? CLA. In addition, the incorpora-

tion of c9,t11-CLA was around 70% higher than that of

t10,c12-CLA.

The changes in hepatic TAG accumulation previously

reported in this animal model and the alterations in the FA

profile currently observed were accompanied by mild

alterations in the oxidative stress related parameters, as can

be seen in Table 8. Protein depletion increased LPO levels,

Table 6 Liver FA composition (wt%) as methyl esters

B LP Protein repletion ANOVA

C C ? CLA HF HF ? CLA

SFA

16:0 19.91 ± 1.25 24.09 ± 1.45 21.11 ± 1.43a 20.60 ± 0.97a 16.51 ± 0.36b 15.44 ± 0.45b Fat

18:0 15.11 ± 1.65 11.35 ± 0.88 11.24 ± 1.51 15.20 ± 0.30 12.52 ± 0.70 12.85 ± 1.23 NS

MUFA

16:1n-9 1.35 ± 0.77 1.61 ± 0.33 1.53 ± 0.52a 1.23 ± 0.32a 0.39 ± 0.08b 0.10 ± 0.04b Fat

18:1n-9 11.19 ± 1.83 16.80 ± 1.98 15.00 ± 3.56 11.26 ± 0.83 13.45 ± 0.88 12.19 ± 1.06 NS

18:1n-7 2.24 ± 0.38 2.20 ± 0.34 3.21 ± 0.55 1.44 ± 0.83 1.14 ± 0.39 1.19 ± 0.40 NS

PUFA

18:2n-6 19.30 ± 0.82 19.15 ± 1.52 19.98 ± 1.32a 17.71 ± 0.92a 26.82 ± 1.02b 26.93 ± 1.24b Fat

c9,t11-CLA 0.03 ± 0.01 0.01 ± 0.01 0.09 ± 0.02a 0.79 ± 0.12b NDa 1.20 ± 0.16b CLA

t10,c12-CLA ND ND NDa 0.40 ± 0.08b NDa 0.83 ± 0.14c CLA, CLA 9 fat

18:3n-3 0.36 ± 0.07 0.18 ± 0.06 0.28 ± 0.04 0.24 ± 0.02 0.26 ± 0.02 0.30 ± 0.02 NS

20:2n-6 0.44 ± 0.05 0.29 ± 0.11 0.47 ± 0.08a 0.66 ± 0.10a 1.05 ± 0.15b 1.19 ± 0.17b Fat

20:3n-6 0.43 ± 0.02 0.55 ± 0.19 0.57 ± 0.04 0.54 ± 0.06 0.66 ± 0.07 0.55 ± 0.07 NS

20:4n-6 21.80 ± 0.54 14.46 ± 2.25* 17.06 ± 3.49 20.35 ± 1.18 19.59 ± 0.79 18.79 ± 1.38 NS

20:5n-3 0.11 ± 0.03 0.08 ± 0.02 0.05 ± 0.02 0.03 ± 0.02 0.04 ± 0.02 0.07 ± 0.03 NS

22:4n-6 0.94 ± 0.16 1.39 ± 0.02* 1.40 ± 0.18a 1.19 ± 0.12b 1.70 ± 0.16a 1.12 ± 0.09b CLA

22:5n-6 1.83 ± 0.48 1.97 ± 0.31 1.91 ± 0.33 2.62 ± 0.42 1.71 ± 0.27 1.64 ± 0.18 NS

22:5n-3 0.80 ± 0.09 0.49 ± 0.04* 0.32 ± 0.12 0.61 ± 0.10 0.48 ± 0.03 0.42 ± 0.02 NS

22:6n-3 2.98 ± 0.40 1.49 ± 0.28* 1.51 ± 0.39 1.81 ± 0.09 1.67 ± 0.17 1.73 ± 0.16 NS

Minor/unknown 5.55 3.89 4.27 3.31 2.01 3.45

Ratios

16:1/16:0 0.061 ± 0.029 0.066 ± 0.011 0.071 ± 0.023a 0.058 ± 0.013a 0.023 ± 0.004b 0.007 ± 0.002c Fat, CLA,

CLA 9 fat

18:1/18:0 0.85 ± 0.27 1.54 ± 0.28 1.52 ± 0.55a 0.74 ± 0.06b 1.10 ± 0.13a,b 0.99 ± 0.15a,b Fat, CLA,

CLA 9 fat

SFA/unsaturated

FA

0.62 ± 0.04 0.61 ± 0.03 0.54 ± 0.02a 0.61 ± 0.02a 0.43 ± 0.02b 0.43 ± 0.03b Fat

Values are means ± standard errors of the mean (n = 6)

B Basal, LP low protein, C control, C ? CLA C supplemented with CLA, HF high fat, HF ? CLA HF supplemented with CLA, NS not

significant, FA fatty acid, SFA saturated FA, MUFA monounsaturated FA, PUFA polyunsaturated FA

*P \ 0.05 versus B. #P \ 0.05 versus LP. Different superscript letters indicate significant differences at P \ 0.05 by Scheffe’s test after

ANOVA (2 9 2) between protein repletion groups
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and this was related to a reduction in CAT activity despite

a higher hepatic GSH concentration. Protein repletion

normalized LPO levels and CAT activity. The presence of

CLA, as well as HF diet intake, did not generate further

modifications in the liver oxidative stress parameters.

Discussion

To the best of our knowledge, this is the first study to

investigate the potential effect of CLA at two different

amounts of dietary fat on the contribution of both hepatic

Table 7 Epididymal adipose tissue FA composition (wt%) as methyl esters

B LP Protein repletion ANOVA

C C ? CLA HF HF ? CLA

SFA

16:0 21.32 ± 1.73 23.69 ± 0.77 20.68 ± 0.79#,a,b 23.54 ± 0.05a 22.06 ± 3.69a,b 14.05 ± 0.23b CLA 9 fat

18:0 2.53 ± 0.07 4.43 ± 0.27* 2.79 ± 0.04# 2.60 ± 0.06 2.78 ± 0.09 2.71 ± 0.01 NS

MUFA

16:1n-9 4.86 ± 1.04 3.46 ± 0.69 3.85 ± 0.49a 2.90 ± 0.02a 3.17 ± 0.90a 0.53 ± 0.03b Fat, CLA

18:1n-9 30.29 ± 0.59 29.61 ± 0.80 31.67 ± 0.82 27.56 ± 0.43 29.60 ± 1.74 29.27 ± 0.05 NS

t11-18:1 0.12 ± 0.07 0.13 ± 0.08 0.24 ± 0.09 0.25 ± 0.14 0.13 ± 0.03 0.45 ± 0.01 NS

c11-18:1 1.39 ± 0.80 1.14 ± 0.63 1.64 ± 0.94a,b 3.43 ± 0.07a 0.03 ± 0.00b 0.81 ± 0.47b Fat, CLA

PUFA

18:2n-6 33.11 ± 3.73 30.70 ± 0.68 33.20 ± 1.18a,b 29.35 ± 0.07a 36.83 ± 3.61a,b 41.91 ± 0.29b Fat, CLA 9 fat

c9,t11-CLA 0.34 ± 0.04 0.35 ± 0.12 0.16 ± 0.03a 2.74 ± 0.08b 0.28 ± 0.03a 3.59 ± 0.04c Fat, CLA, CLA 9 fat

t10,c12-CLA ND ND NDa 1.49 ± 0.06b NDa 2.22 ± 0.18c Fat, CLA, CLA 9 fat

18:3n-3 0.71 ± 0.00 0.88 ± 0.01* 0.67 ± 0.03 0.58 ± 0.01 0.57 ± 0.04 0.64 ± 0.02 NS

20:2n-6 0.19 ± 0.01 0.11 ± 0.03 NDa 0.24 ± 0.02b,c 0.14 ± 0.01b 0.24 ± 0.03c Fat, CLA, CLA 9 fat

20:3n-6 0.12 ± 0.02 0.05 ± 0.03 0.11 ± 0.00#,a 0.04 ± 0.00b 0.11 ± 0.00a 0.06 ± 0.02b CLA

20:4n-6 0.84 ± 0.03 0.31 ± 0.17* 0.75 ± 0.02#,a 0.29 ± 0.04b 0.64 ± 0.06a 0.50 ± 0.09a,b CLA, CLA 9 fat

22:4n-6 0.19 ± 0.01 0.10 ± 0.03* 0.18 ± 0.01#,a 0.06 ± 0.01b 0.15 ± 0.03a,c 0.10 ± 0.01b,c CLA, CLA 9 fat

22:5n-6 0.12 ± 0.02 0.06 ± 0.01* 0.13 ± 0.02#,a 0.04 ± 0.01b 0.07 ± 0.01b 0.03 ± 0.02b Fat, CLA, CLA 9 fat

22:5n-3 0.04 ± 0.01 0.11 ± 0.02* 0.03 ± 0.00#,a NDb 0.02 ± 0.00a NDb CLA

22:6n-3 0.04 ± 0.01 0.03 ± 0.02 0.03 ± 0.00a NDb 0.01 ± 0.00c NDb Fat, CLA, CLA 9 fat

Minor/unknown 3.77 4.78 3.86 3.40 4.90 2.90

Values are means ± standard errors of the mean (n = 6)

B Basal, LP low protein, C control, C ? CLA C supplemented with CLA, HF high fat, HF ? CLA HF supplemented with CLA, NS not

significant, FA fatty acid, SFA saturated FA, MUFA monounsaturated FA, PUFA polyunsaturated FA

*P \ 0.05 versus B. #P \ 0.05 versus LP. Different superscript letters indicate significant differences at P \ 0.05 by Scheffe’s test after

ANOVA (2 9 2) between protein repletion groups

Table 8 Oxidative stress parameters

B LP Protein repletion ANOVA

C C ? CLA HF HF ? CLA

LPO (nmol/g) 110.94 ± 6.92 179.26 ± 23.83* 113.47 ± 13.21# 114.39 ± 11.94 105.70 ± 8.28 114.33 ± 17.54 NS

GSH (lmol/g) 2.26 ± 0.14 3.47 ± 0.51* 3.54 ± 0.46 4.18 ± 0.57 4.47 ± 0.56 3.90 ± 0.34 NS

Enzymatic activity (U/mg protein)

GSH-Px 0.104 ± 0.022 0.113 ± 0.011 0.078 ± 0.005# 0.079 ± 0.011 0.094 ± 0.017 0.096 ± 0.019 NS

CAT 87.69 ± 2.07 61.75 ± 6.26* 85.84 ± 5.53# 85.73 ± 4.86 76.53 ± 4.99 79.78 ± 4.11 NS

Values are means ± standard errors of the mean (n = 6)

B Basal, LP low protein, C control, C ? CLA C supplemented with CLA, HF high fat, HF ? CLA HF supplemented with CLA, NS not

significant, LPO lipoperoxidation, GSH reduced glutathione, GSH-Px glutathione peroxidase, CAT catalase

*P \ 0.05 versus B. #P \ 0.05 versus LP
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TAG secretion and capability of TAG removal by gas-

trocnemius muscle and EWAT, and its possible associa-

tions with changes in the FA composition in plasma, liver

and epididymal white adipose tissue and the hepatic oxi-

dative status in protein repleted rats. However, it is widely

known that c9,t11-CLA and t10,c12-CLA have different

effects on tissue FA metabolism and composition [11, 33,

34]. Therefore, an equimolecular mixture of both isomers

was chosen in this study. Although the animal model

seemed to be limited, it provided information about the

effects of the CLA oil commercially available for human

consumption.

The partial depletion of dietary proteins (5% casein) in

the animal model under study was characterized by hypo-

triglyceridemia, hepatomegaly and steatosis [18, 35, 36].

The decreased hepatic TAG secretion and high EWAT

LPL activity observed could explain, at least in part, the

low plasma TAG concentrations previously found in this

animal model [18]. In addition to changes in VLDL com-

position, assembly and secretion, associated with the

decrease of VLDL apolipoprotein, phospholipids and TAG

contents reported by other authors [35], our results of the

low hepatic TAG secretion also correlated with the hepatic

steatosis. Furthermore, in agreement with other studies

[37], we also found that partial protein depletion decreased

the muscle LPL activity and this was consistent with the

decreased TAG concentrations observed in the gastrocne-

mius muscle. The alterations observed in the lipid metab-

olism were accompanied by modifications in FA

composition in plasma, liver and EWAT. In plasma, pro-

tein depletion increased MUFA and 16:0 and decreased

18:0 levels. In liver, these changes were less pronounced

without reaching statistical differences. The decrease

observed in liver 20:4n-6 and n-3 FA was in agreement

with that reported by other authors [36, 38]. As PUFA are

more prone to oxidation than MUFA and SFA, the reduc-

tion in total PUFA and the increase in SFA might also

explain the hepatic steatosis observed in the LP group. The

TAG secreted by the liver presented FA compositional

changes, similar to those observed in liver. On the other

hand, EWAT showed an increase in n-3 FA, perhaps as a

compensatory mechanism, storing these FA that were

deficient in liver.

The hepatic steatosis observed in protein depleted ani-

mals could be an important factor in the induction of oxi-

dative stress, reflected by the high LPO values. This action

could be mediated, at least in part, by a decrease in the

activity of a key antioxidant enzyme, such as CAT, and not

completely counteracted by the increase in liver GSH

concentration.

Normalization of hepatic TAG secretion in protein

repletion with 7% (w/w) of dietary fat could be the main

mechanism involved in the reversion of hepatic steatosis

and decreased circulating TAG reported elsewhere [18].

This effect normalized most of the changes observed in the

FA profile of plasma, EWAT, liver and TAG exported

from liver. This mechanism could have more influence than

certain enzymes involved in FA metabolism such as liver

SCD-1, since 16:1/16:0 and 18:1/18:0 ratios remained

unchanged in protein depletion and repletion.

Dietary CLA prevented hepatic lipid accumulation in

partial protein repletion with a high amount of dietary fat

[18]. The present study shows that hepatic TAG secretion

was the most important mechanism involved in protein

repletion when HF diets were used. Thus, while HF diets

without CLA showed a low liver TAG secretion contrib-

uting to maintain the hepatic TAG accumulation, the

presence of CLA prevented hepatic steatosis from

increasing hepatic TAG secretion, and it also altered the

FA profile of the lipids secreted by the liver. In addition,

CLA was incorporated to the TAG secreted by the liver,

concurrent with a decrease in MUFA and higher levels of

n-6 PUFA. This evidence does not preclude the fact that

changes in the composition and size of lipoproteins

secreted by the liver could be modified by CLA, as shown

in an in vitro study [39].

The presence of CLA did not affect muscular and

EWAT LPL activity and this could also contribute to the

lack of changes in plasma and muscle TAG concentration.

Several authors [40, 41] reported contrasting results in

hamsters and diabetic rats fed CLA without previous pro-

tein depletion. Clearly, the sensitivity and condition of the

animals could be determining as well as the type of isomer

used. The effects of CLA on LPL activity in EWAT and

culture adipocytes are controversial [6], and the differences

with our results might be related to experimental condi-

tions. Furthermore, the increased muscle TAG concentra-

tion in protein repletion with HF diet was associated with a

slight and not significant raise of muscle LPL activity. This

fact could also be related to the high FA and energy

availability provided by the diet.

Both CLA isomers were incorporated into liver, EWAT,

plasma and lipids secreted by the liver. In all the samples,

the level of t10,c12-CLA was much smaller than that of

c9,t11-CLA, in agreement with the results from Kelley

et al. [11] in different tissues of mice. This effect could be

most likely due to a higher b-oxidation of t10,c12-CLA

[42]. The CLA level was higher in EWAT, followed by

liver, and then by plasma. In EWAT, both isomers were

more abundantly incorporated in the HF ? CLA diet than

in the C ? CLA diet, reflecting the higher level of CLA in

the former. On the other hand, dietary CLA were similarly

incorporated in plasma lipids in C ? CLA and HF ? CLA

groups, reflecting that in both diets the total amount of

CLA represented equal proportions of the dietary fat (15%

of the total fat).
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The tissue ratios between the level of SFA and MUFA

of C16 and C18 FA can be used as SCD-1 indexes

reflecting the enzyme activity [43]. Different levels of

SCD-1 activity, index and/or expression have been asso-

ciated with liver steatosis. For instance, Gutierrez-Juárez

et al. [44] reported liver steatosis in a model of reduced

SCD-1 expression. In our case, lower C16 and C18 FA

SCD-1 indexes were associated with high fat intake, as

expected, given the fact that the Scd1 mRNA expression

was reported to be lower in animals fed 20% corn oil [45].

On the other hand, the effect of CLA on liver SCD-1

expression and activity has been studied in vitro [46, 47],

but few studies of these parameters in animal models have

been published in the literature [48]. These reports mainly

concur in the fact that t10,c12-CLA decreases both enzyme

expression and activity, in agreement with our results.

Even though decreasing the SCD index, CLA was not

related to higher hepatic TAG concentration. On the con-

trary, CLA intake with 20% (w/w) of dietary fat prevented

hepatic lipid accumulation. In agreement with our results,

Purushotham et al. [43] reported that CLA intake could

reduce hepatic steatosis when it was produced by the pre-

vious intake of a HF diet instead of protein depletion. The

apparent liver protective effect of CLA observed in pre-

viously malnourished rats was clearly opposite to that

observed in well-nourished mice fed HF diets [49], where

CLA drastically increased liver TAG concentration.

Protein repletion restored the liver oxidative status

independently of the amount of dietary fat or the presence

of CLA. The present results differed from those previously

reported by our group [49], showing that HF diet intake

induced LPO, and the presence of CLA in the diet could

prevent this effect by increasing hepatic GSH concentra-

tion in a mouse model with no previous protein depletion.

In sum, this work provided further insight into the

plausible role of commercially available CLA on the

recovery from protein depletion with 7% (w/w) and high

(20%, w/w) dietary fat content. Protein repletion only in

the presence of CLA normalized plasma and liver TAG

concentration independently of the amount of dietary fat

through an increase of hepatic TAG secretion. In addition,

CLA in protein repletion was incorporated into the plasma

and tissues, its levels in EWAT being [ liver [ plasma,

and that of c9,t11-CLA being [t10,c12-CLA. This was

accompanied by alterations in FA composition. The

determination of the mechanisms by which CLA and/or the

content of dietary fat could regulate metabolic disorders

associated with lipid metabolism might greatly contribute

to understanding the development and intervention of diet-

induced chronic disorders.
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assistance with the animals. This work was financed by ANPCyT

(Agencia Nacional Cientı́fica y Tecnológica, PICT # 25750, PICTO #

36181) and Universidad Nacional del Litoral-Cursos de Acción para

la Investigación y Desarrollo (CAI?D 2006 No. 12/B616). We are

also grateful to CYTED (Programa de Ciencia y Tecnologı́a para el
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volunteers who had previously consumed pure unlabeled

isomers during 24 weeks [3].

Methods

Materials

Unlabeled CLA isomers were provided by Natural Lipids

Ltd. (Hovdebygda, Norway). [1-13C]-9c,11t and [1-13C]-

10t,12c were synthesized as already described [4]. [1-13C]-

9c-18:1 was purchased (Isotec Inc. OH, USA). The chemical

purity was C98% with isotopic purity 98.2% 9c-18:1, 99%

9c,11t and 98% 10t,12c by GC–MS. The triacylglycerol

(TAG) form, containing two molecules of labeled fatty acid

(positions 1(3) and 2) and one molecule of unlabeled 9c-18:1

(position 3(1)) was synthesized as published elsewhere [5]

and packaged into individual doses of approximately 1 g of

pure TAG in 30 g high oleic sunflower oil (Lesieur,

Coudekerque, France). To maintain blinding, individual

doses were labeled with the same code as during the

24 week clinical trial. Only Danone (Danone Research

Center, Palaiseau, France) could unblind the study.

Study Protocol

This study was part of a placebo-controlled, double-blind,

randomized intervention trial to compare the effects of

9c-18:1 (control), 9c,11t- and 10t,12c-CLA on body com-

position in healthy overweight men and women. Details of

this study have been described elsewhere [3]. The isotope

study followed 24 weeks of CLA/9c-18:1 treatment. The
13C-labeled substrates were given as TAG to ensure high

bioavailability [1, 6]. Twenty-four subjects among the

group receiving 3 g/day of 9c-18:1 or 9c,11t- or 10t,

12c-CLA were randomly chosen and blinding preserved.

Volunteer numbers per group (n = 8) were calculated

based on our previous experience [7]. However, 2 volun-

teers from Maastricht withdrew and 22 subjects success-

fully completed the study: 8 from the 9c-18:1 (control)

group (4 females, 4 males) and the 9c,11t-CLA group

(3 females, 5 males), and 6 subjects from the 10t,12c-CLA

group (2 females, 4 males). The study protocol was

approved by the Ethical Committees in France and the

Netherlands. Informed written consent of all the subjects

was obtained prior to entering the study.

The study design (Fig. 1) was standardized between

Clermont-Ferrand and Maastricht. Briefly, after an over-

night (12 h) fast, O2 consumption (vO2) and CO2 production

(vCO2) were measured for 30 min using a ventilated-hood

indirect calorimeter (Deltatrac, Datex, Helsinki, Finland).

The respiratory quotient (RQ, the ratio of vCO2:vO2) and

energy expenditure (EE) were calculated at baseline and 2,

3, 5, and 8 h after ingestion of the tracers. Energy expen-

diture (EE) was calculated using Weir’s equation [8]

whereas, non-protein respiratory quotient (NPRQ) and

substrate oxidation rates were calculated using equations

from Ferranini [9].

Breath samples were collected into tubes (Vacutainer,

Becton–Dickinson, Grenoble, France) at baseline to

determine the basal 13C abundance of breath CO2, hourly

for a period of 8, 24 and 48 h post-dose. Rate of expiration

of 13CO2 in breath was calculated by multiplying the vCO2

by the enrichment of the breath CO2 pool.

Subjects stayed fasted at the laboratory during these 8 h

and were requested to remain in a resting, but not sleeping,

state and to refrain from talking. Before leaving, they ate a

meal without 13C rich foods (e.g. maize and sugar cane). They

also received advice to avoid these foods for the next 48 h.

Analytical Procedures

Breath 13CO2 enrichments were analyzed by isotope ratio

mass spectrometry (IRMS) (mGas system, Fisons Instru-

ments, Middlewich, England). The CO2 was introduced

into the IRMS to measure the 13C to 12C isotopic ratio of

the sample and calculate the isotopic abundance relative to

the Vienna-PDB international standard (d13C in % vs.

PDB) [10]. The rate of 13CO2 production was calculated by

multiplying 13CO2 enrichment by CO2 production (mea-

sured using indirect calorimetry) as previously published

[10]. Cumulative 13CO2 production, i.e. the area under the

curve (AUC), was calculated using the trapezium rule [10].

Statistical Analysis

Results are given as means ± SD. Treatment effects were

examined using ANOVA following by a non-parametric test

meal: TAG 13C-9c-18:1 or 13C-9c,11t or 13C-10t,12c 

0 1 2 3 4 5 6 7 8 -1 24 48 
Time (Hour)  

Breath Test 

Indirect 
Calorimetry  

(vCO2) 

Fig. 1 Experimental design.

Twenty-two subjects ingested

labeled 1 g of TAG (9c-18:1

(control) or 9c,11t or

10t,12c isomer) mixed with

30 g of a high oleic sunflower

oil
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(Fisher PLSD test) to compare the treatments pairwise, when

a significant treatment effect was observed. Moreover,

repeated-measures ANOVA were used to look for possible

interactions between treatment and time. A two-way

ANOVA analysis was performed to look for possible gender

effects and a possible interaction between treatment and

gender interaction. Statistics were performed by using

Statview 5.0 (SAS Institute Inc., Cary, NC, USA).

Results

Mean values for age, height, BMI, waist/hip ratio, fat free

mass, percentage body fat, and respiratory quotient (RQ) at

the start of this study did not differ significantly between

groups (Table 1). None of the parameters related to energy

expenditure varied between groups (Table 1).

Excretion of 13CO2 in the breath measured over 48 h

followed a similar pattern in the three groups. Labeled fatty

acid oxidation peaked between 5 and 6 h post-dose for all

tracers and decreased thereafter to reach the basal 13C-level

at 24 and 48 h (Fig. 2). However, cumulative fatty acid

oxidation determined from AUC results, was significantly

higher for 13C-9c,11t-CLA than for 13C-9c-18:1 (P \ 0.01)

or 13C-10t,12c-CLA (P = 0.01). There was no difference

between 10t,12c-CLA and 9c-18:1 (P = 0.66).

The oxidation of CLAs was not affected by gender

(P = 0.73) (data not shown). Oxidation rate of 9c,11t-CLA

amounted for 31.0 ± 3.6% of the oral dose for 8 h. It was

significantly higher than for 9c-18:1 (22.2 ± 8.0%)

(P = 0.02) and 10t,12c-CLA (21.6 ± 8.7%) (P = 0.02).

Discussion

In the present study, we have assessed the oxidation of

CLA isomers using a similar method to one previously

published with n-3 fatty acids [7]. Our results show that

Table 1 Anthropometric

variables of the subjects in

control, 9c,11t, and

10t,12c groups at the end of the

intervention period

Values are means ± SD

9c-18:1 (Control) 9c,11t 10t,12c ANOVA

N 8 8 6

Gender (M/F) M = 4/F = 4 M = 5/F = 3 M = 4/F = 2

Age (year) 54.3 ± 7.3 47.3 ± 8.9 47.3 ± 8.3 0.204

Height (cm) 169.1 ± 10.0 175.6 ± 8.9 170.9 ± 7.4 0.355

BMI (kg/m2) 28.1 ± 1.7 26.9 ± 1.4 26.9 ± 1.0 0.200

Waist/Hip 0.90 ± 0.10 0.93 ± 0.09 0.90 ± 0.07 0.756

Body fat mass (%) 30.2 ± 8.3 28.1 ± 4.5 27.4 ± 6.7 0.713

Lean body mass (LBM) (kg) 56.8 ± 12.9 60.0 ± 9.6 57.3 ± 8.2 0.805

RQ (respiratory quotient) 0.86 ± 0.04 0.86 ± 0.03 0.82 ± 0.04 0.113

NPRQ (non-protein respiratory quotient) 0.81 ± 0.06 0.78 ± 0.03 0.77 ± 0.06 0.305

EE (energy expenditure) (kcal/8 h) 613 ± 108 579 ± 99 609 ± 98 0.771

Fat oxidation (g/kg LBM/8 h) 0.70 ± 0.20 0.63 ± 0.18 0.64 ± 0.24 0.859

Carbohydrate oxidation (g/kg LBM/8 h) 1.96 ± 0.61 1.81 ± 0.34 1.83 ± 0.24 0.993
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postprandial b-oxidation of 9c,11t-CLA is higher than that

of 9c-18:1 and 10t,12c-CLA, contrary to our expectation.

Results obtained in rodents and in vitro suggested that the

10t,12c isomer is more oxidized than the 9c,11t [1]. In

addition, the reduced percentage of body fat observed in

animals and the enhanced energy metabolism after

administration of a CLA mixture has been attributed to the

10t,12c isomer [11, 12]. However, in mitochondria from

liver homogenates, 10t,12c-CLA was less oxidized than

9c,11t-CLA, possibly because of its higher esterification

rate which possibly prevented its entrance into b-oxidation

[13]. Our present finding combined with the latter data

suggest that the lower metabolic effect of 9c,11t-CLA may

be attributed to its higher mitochondrial oxidation, but we

did not investigate further the potential mechanisms related

to our observation. A recent study by Goedecke et al. [14]

demonstrated a greater incorporation of 10t,12c-CLA into

adipose and muscle tissues compared with 9c,11t-CLA in

healthy non-obese volunteers, perhaps for similar reasons.

Despite differences in postprandial oxidation between

the two CLA isomers, we found that energy expenditure,

RQ, NPRQ and fat oxidation were similar between the

three groups (Table 1). These results are in accordance

with two other studies. In the first one [15], resting RQ, fat

oxidation, and energy expenditure were unchanged after a

daily supplement containing 3 g of a mixture of CLA-

isomers (11c,13t: *23% (w/w), 10t,12c: *23% (w/w) and

9c,11t: 18%) for 64 days in healthy normal-weight women.

Body composition measured with DEXA-method, indi-

cated that CLA had no effect on body fat mass. Moreover,

Watras et al. [16] demonstrated that a 6 month CLA sup-

plementation was associated with fat mass loss compared

to placebo (-1.0 ± 2.2 and 0.7 ± 3 kg, respectively,

P = 0.02), but without any effect on resting metabolic rate.

These and our results are however in marked contrast with

two other intervention studies. Consumption of a CLA

supplement (50:50 9c,11t and 10t,12c) as TAG (3.76 g) for

98 days significantly increased basal energy expenditure in

overweight men and women [17]. Similarly, with 3.2 g/day

of CLA mixture (39.2% 9c,11t and 38.5% 10t,12c), energy

expenditure and fat oxidation were enhanced during sleep

in overweight men and women [18]. In addition, RQ during

the 24 h period tended to decrease. This was, however, not

associated with changes in the oxidation of dietary fat as

monitored by labeled oleate and palmitate administered

during a breakfast meal [18]. These discrepancies require

additional exploration on the effect of CLA isomers on

whole body energy metabolism.

Our study is the first that has examined the in-vivo

metabolic behavior of pure CLA-isomers in humans. It has,

however, some limitations. First, the sample size with six

to eight volunteers per group is small, even if statistical

significance between the groups was reached. Secondly,

oxidation was measured at rest, while physical exercise

may modify fatty acids utilization [15]. Thirdly, we only

studied oxidation within a time frame of 48 h and do not

know what happened with the remaining label. Despite

these limitations, we can conclude that 9c,11t is more

rapidly oxidized compared than 10t,12c CLA.
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remove lipids from the cells, followed by quantification by

weighing or chromatography [4–13]. Solvent extractions

from microalgae are typically based on the methods using

chloroform and methanol published in the 1950s by Folch

et al. [14] and Bligh and Dyer [15]. It is well recognised

that solvent extraction often extracts lipids incompletely,

particularly free fatty acids, and can extract significant

quantities of non-nutritive, non-saponifiable material such

as pigments [16–18]. Small modifications in the protocol

can have a large effect on extraction efficiency [19].

Smedes and Askland [20] tested various ratios of chloro-

form and methanol, described by the Bligh and Dyer

method, and suggested that the yield of lipid could be

increased by using a higher methanol content. This implied

that the original Bligh and Dyer method resulted in

incomplete extraction. Iverson et al. [19] compared the

Bligh and Dyer and the Folch methods for a range of

marine tissues, and concluded that the Bligh and Dyer

method significantly underestimated the lipid content of

samples containing more than 2% lipids. The effect was

aggravated by increasing lipid content, resulting in an

underestimation of 50% compared to the Folch method in

the samples with the highest lipid content.

Gas chromatography (GC) can be used to quantify

individual fatty acids as well as the total fatty acid present in

a lipid extract. GC of lipids requires derivatisation to vol-

atilise the samples [21]. This is normally achieved by con-

verting saponifiable lipids [in biological samples, mainly

triacylglycerols (TAG) and phospholipids] to FAME by

addition of an excess of methanol and a catalyst, in a

reaction known as transesterification [21, 22]. This elimi-

nates the problem of extraction of non-fatty acid substances,

such as pigments, as these are not detected by GC, but

the accuracy of quantification is still dependent on the

completeness of the extraction.

Instead of improving extraction methods, some investi-

gators have eliminated extraction completely by transeste-

rifying lipids in situ. Direct transesterification (DT) was first

successfully performed in 1963 by Abel and co-workers

[23]. Since then, it has been verified by numerous resear-

chers in a variety of tissues, as a simple and rapid method

of quantifying fatty acids by combining extraction and

transesterification into one step. Diverse methods have been

used for DT, but most involve the addition of an organic

solvent, methanol, catalyst and heat to a small amount of

dried sample (see [21] and [22] for comprehensive reviews

of this). DT has previously, although infrequently, been

applied to the quantification of fatty acids in microalgae

[24–31], however, no evaluation or comparison to alterna-

tive methods has been made.

Transesterification involves the cleaving of an ester bond

by an alcohol and can be catalysed by either a base or an

acid. Usually a single catalyst is used and the choice is

determined by the characteristics of the different catalysts.

Alkaline catalysts, such as sodium methoxide (SM), or

sodium or potassium hydroxide in methanol, transesterify

complex lipids quickly and at lower temperatures than

required by acid catalysts, but they do not esterify free fatty

acids [21]. Acid catalysts, such as hydrochloric or sulphuric

acid in methanol or boron trifluoride (BF3) methanol, require

heating and longer reaction times than basic catalysts [22],

but can transesterify complex lipids as well as esterifying

free fatty acids [21]. Considering the different capacities of

acid and base catalysts, some investigators have used a

combination of a basic catalyst or alkaline hydrolysis with

NaOH or KOH in methanol, followed by an acid catalyst

[21, 22, 32]. This study investigated whether the sequential

use of two catalysts would improve the efficiency of DT in

microalgae, particularly in the presence of water.

Water is known to interfere with the transesterification

reaction [21, 22]. It is a stronger electron donor than

methanol and the presence of water in the reaction system

can cause hydrolysis, the opposite of esterification. To

avoid interference by water, it has been suggested that the

sample be dried, or a water scavenger such as 2,2-dime-

thoxypropane be added [22], however, there are reports

which dispute the need for these practices below a critical

water content. Lepage and Roy [33], using the catalyst

acetyl chloride, found recoveries ([95%) to be unaffected

by the presence of water up to 5% of the total reaction

volume, while a water content of 10–15% significantly

impaired the reaction. Most studies using DT for quantifi-

cation of fatty acids in microalgae have used freeze-dried

biomass, although there has been no investigation as to

whether this is necessary.

This study tested and compared the effectiveness of DT

to alternative methods of quantifying total fatty acid con-

tent in microalgae. The results of DT on three algal species

were compared to those obtained by extraction using the

Folch, the Bligh and Dyer, and the Smedes and Askland

methods. The effects of using a sequential combination of

base and acid catalysts, as well as the influence of water, on

transesterification efficiency were investigated.

Experimental Procedure

Analytical Reagents

All reagents used were of chromatography standard.

Toluene (99.9%) and chloroform (99.8%) were from

Sigma-Aldrich (USA) and hexane (98%) and methanol

(99.9%) from Merck (Germany). Methanolic base (0.5N),

also known as sodium methoxide (SM), and boron tri-

fluoride (BF3) methanol solution (14%) were obtained from

Sigma-Aldrich (USA). Distilled water (dH2O) from a
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Millipore system was used for all analyses. Internal stan-

dards used were glyceryl triheptadecanoate (C17-TAG)

and methyl nonadecanoate (C19-ME) from Sigma-Aldrich

(USA).

Algal Culture and Preparation

Two freshwater Chlorophyta (green algae), Chlorella vul-

garis (Cv) (UTEX 395) and Scenedesmus sp. (Sc) (obtained

from algal culture ponds near Upington, South Africa) and

a marine Eustigmatophyte, Nannochloropsis sp. (Nan)

were tested. Culture media for the freshwater species was

3N BBM medium, while the marine alga was grown in F2

medium (UTEX: http://www.sbs.utexas.edu/utex). Airlift

reactors with a working volume of 3.2 L were sparged with

air (Cv and Sc) or 4,400 ppm (0.44%) CO2 (Nan) at a gas

flow rate of 2 L min-1. Light (80–160 lmol s-1 m-2)

was provided by three 18 W cool white fluorescent bulbs

(Osram). Cells were harvested by centrifugation at

4,000 rpm for 10 min, rinsed in either distilled water (for

freshwater cultures) or sterile seawater (marine cultures) and

re-centrifuged. Biomass used in the experiments was from a

single batch of each species.

Determination of Biomass Water Content

The wet pellet, following centrifugation, was weighed and

resuspended in a known volume of distilled water or sterile

seawater. A sample of this biomass concentrate corre-

sponding to 0.1 g wet weight was filtered through a

pre-weighed 0.45 lm Millipore filter and dried at 80 �C

overnight. After cooling to room temperature in a desiccator,

filters were weighed to determine the relative dry biomass

and water content. The 0.1 g wet weight samples of Cv, Sc

and Nan corresponded to 19.6 ± 0.31, 19.8 ± 0.12, and

27.4 ± 0.85 mg dry weight, respectively.

Extraction

All extractions and DTs were performed in triplicate,

using samples of 0.1 g wet weight algal biomass. The

control for each experiment was 80 ll dH2O. Total lipid

was extracted by the Bligh and Dyer method [15], the

Smedes and Askland method [20] and the Folch method

[14]. Each sample was extracted three times and the

resulting solvent volumes combined. The combined

extract was dried at room temperature overnight, transe-

sterified and subjected to GC analysis for quantification of

fatty acids. The residual biomass from each extraction

was recovered and tested for any remaining fatty acids by

DT.

The original protocols were followed as closely as

possible, with the following two modifications:

• Sample size was scaled down by a factor of 1,000, with

extraction volumes scaled accordingly.

• Homogenisation was replaced by vortexing at maxi-

mum speed for 3 min.

According to Folch et al. [14]: ‘‘the procedure can be

run on any scale that is otherwise technically feasible’’. In

order to verify that the scale of the reaction did not affect

the results, the three extraction techniques and DT were

repeated in triplicate using 1 g of Sc biomass (i.e. volumes

scaled down by a factor of 100). Results were found to be

very similar to extractions from 0.1 g (data not shown).

Transesterification

For DT, reagents were added directly to either internal

standards, olive oil, or algal biomass. For DT of wet algal

biomass, negative controls of 80 ll water were included, as

well as a control for each algal species containing biomass

but no internal standards, to test for the presence of C17 or

C19 compounds in the algal cells. For extraction-transes-

terification, reagents were added to the dried extract or

residual biomass from lipid extractions. Two internal stan-

dards were used: glyceryl triheptadecanoate (C17-TAG)

was added prior to the reaction as a quantitative internal

standard, and methyl nonadecanoate (C19-ME) was added

in the final solvent extraction step to verify the completeness

of the transesterification and efficiency of extraction into the

hexane layer. A combination of base followed by acid

catalysis was performed as follows: samples were dissolved

in 500 ll toluene containing 0.1 mg C17-TAG in glass test

tubes with silicon-lined screw-cap lids. One hundred

microliters of 2,2-dimethoxypropane (water scavenger) was

added. Sodium methoxide (1 ml) was then added and the

samples mixed briefly by vortexing before being placed in

an incubator at 80 �C, with shaking at 300 rpm for 20 min.

Samples were cooled for 5 min to room temperature and

1 ml BF3 methanol was added before repeating the incu-

bation. After cooling for 5 min to room temperature, 400 ll

dH2O and 400 ll hexane containing 0.1 mg C19-ME were

added and tubes mixed by vortexing. Samples were centri-

fuged at 4,000 rpm for 1 min and the upper hexane-toluene

layer, containing the FAME extract, was transferred to vials

for GC.

Gas Chromatography

The FAME extract (1 ll), containing internal standards,

was injected into a Varian 3900 GC equipped with a flame

ionisation detector and SupelcoWax 10 column (30 m 9

320 mm 9 1.0 lm film thickness) (Supelco, USA). Stan-

dard split/splitless injection was used with a split of 100

and an injector temperature of 270 �C. The column
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temperature was increased from 180 �C to 260 �C at

2 �C min-1. Nitrogen (2 ml min-1) was used as the carrier

gas and the detector temperature was 260 �C. Peaks were

identified by retention time using Supelco 37 Component

FAME and C14:0 to C22:0 FAME mixtures. Peak areas

were used to quantify each FAME relative to the internal

standards. Differences in the response factor of the

detector to the range of FAMEs in the samples were

negligible. The total fatty acid content was calculated by

adding all the individual FAME peak areas.

Catalyst Tests

To test the efficiency of transesterification using a single

catalyst, as opposed to a combination, C17-TAG samples

(0.1 mg) were transesterified with either 1 ml SM, 1 ml

BF3 methanol, or a combination of the two catalysts. The

tests were repeated with the addition of 80 ll water

(equivalent to the amount of water in the algal pellets),

with and without 100 ll of the water scavenger 2,2-dime-

thoxypropane. The efficiency of transesterification was

calculated by dividing the peak area of the resulting

C17-ME, by the peak area of the C19-ME added post-

reaction. As equal quantities of these two standards were

added (the mass of the three methyl esters formed is very

similar to that of the TAG), their ratio gave an indication of

how much of the C17-TAG was converted to fatty acid

methyl esters.

Accuracy, Precision, and Limits of Detection

and Quantification

To test the accuracy, precision, linearity, and limits of

detection (LOD) and quantification (LOQ) of the assay,

triplicate samples of 10, 5, 2.5, 1, 0.5, 0.1, 0.05, 0.01, 0.005

and 0.001 mg 100% extra virgin olive oil (Borges, Spain)

were made up in toluene. Negative controls containing no

olive oil were included. All samples were transesterified

and quantified by GC. To estimate inter-experimental error,

fresh 5 and 2.5 mg samples were analysed on three con-

secutive days. The LOD was defined as the minimum

concentration at which distinct peaks could still be dis-

cerned above the baseline noise. The LOQ was defined as

the lowest concentration of fatty acid that could be quan-

tified with an accuracy and precision (calculated according

to Wu et al. [34]) within 15%.

Sensitivity to Water

The effect of water on the two-catalyst reaction was tested

using 0.1 mg of the C17-TAG internal standard as sub-

strate, with dH2O addition up to 50% of the final total

reaction volume. Transesterification was carried out using

C19-ME as the internal standard, with or without 100 ll of

the water scavenger 2,2-dimethoxypropane. Reactions

were done in duplicate.

Results

Direct Transesterification Versus

Extraction-Transesterification

Total fatty acid content determined by DT and by the three

extraction-transesterification methods in Cv, Sc and Nan

are shown in Fig. 1. For all three species, DT yielded a

higher estimation of fatty acid content than any of the

extraction-transesterification methods. Of the extraction

methods, the Folch method yielded higher results (77–93%

of DT values) than the Smedes and Askland (23–73%) and

the Bligh and Dyer (19–63%) methods. The Smedes and

Askland method recovered more fatty acid from Cv and Sc

than the Bligh and Dyer method.

DT on the residual biomass after the solvent extractions

yielded additional fatty acid, indicating that the extraction

procedures did not extract all the fatty acid. The sum of

fatty acid extracted plus fatty acid remaining in the residual

biomass was similar to that obtained by DT.

Single Catalyst Versus Sequential Combination

of Catalysts

The ratio of C17-ME to C19-ME following the sequential

combination of a basic catalyst followed by an acid catalyst

demonstrated the degree to which C17-TAG was transe-

sterified (Fig. 2). Values greater than 100% were obtained

when the area of the C17-TAG peak was greater than that

of the C19-ME peak. This could have been due to minor

errors in dilution or pipetting of standard solutions.

When the two reagents were used sequentially, 100%

conversion of TAG to FAME was obtained in the presence

or absence of water. In the absence of water, the acid BF3

catalyst alone produced an equivalent degree of transeste-

rification to both reagents together, but the basic SM cat-

alyst resulted in only 67% conversion. In the presence of

water, no transesterification occurred with SM, while with

BF3 32% conversion was obtained. The addition of a water

scavenger to the reaction containing 80 ll water improved

the conversion with BF3 to 55%, but did not improve SM

conversion.

Accuracy, Precision and Limits of Detection

and Quantification

To test the accuracy, scalability and reproducibility of

the DT assay, serial dilutions of olive oil in toluene were
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directly transesterified and quantified by GC. The corre-

lation coefficient of fatty acid concentration determined

from the assay to that added to the samples was 0.96 with a

linear regression coefficient of 0.9999. The LOD was 5 lg

fatty acid, and the LOQ was 50 lg. For olive oil samples

between 500 lg and 10 mg, the accuracy and precision

of the assay were within 5 and 2.5%, respectively. The

inter-experimental accuracy and precision were both

within 5%.

Sensitivity to Water

The addition of water up to 10% of the total reaction

volume had little effect on the efficiency of the reaction

(Fig. 3). With the addition of larger volumes of water, the

efficiency decreased dramatically and recovery was vari-

able, as shown by the large error bars with between 20 and

50% water. Results with and without the water scavenger

below 10% water were similar. Above 30% water, reac-

tions containing the water scavenger resulted in an increase

in the efficiency of transesterification, however, this still

represented a substantial under-estimation of the fatty acid

content and there was a high degree of variation between

samples.

Discussion

This paper presented a rigorous comparison of DT to the

most common alternative methods of lipid quantification in

microalgae. It was shown, across three algal species, that

DT was a simple, accurate and reliable method, capable of

determining total fatty acid content more efficiently than

traditional solvent extraction methods.

The commonly used extraction method of Bligh and

Dyer was the least effective extraction method tested. It

significantly underestimated fatty acid content (by up to

81% in the case of Cv), accounting for 19–63% of fatty

acids quantified by DT. Smedes and Askland [20] inves-

tigated the solvent ratios used by Bligh and Dyer and

proposed that a greater proportion of methanol would result

in a better recovery of lipids. This was true for the green

algal species, as the Smedes and Askland method yielded

17–28% more fatty acids than the Bligh and Dyer method

(although 6% less fatty acid than the Bligh and Dyer

method for Nan). However, the Smedes and Askland

method still underestimated lipid content, measuring

23–73% of the fatty acid content measured by DT. The

Folch extraction method was the most effective, yielding

77–94% of the total extracted by DT. These findings are in

agreement with Lepage and Roy [35] who reported that

fatty acid recovery from milk and adipose tissue was

improved by DT due to the elimination of multiple

extraction and purification steps. Fatty acid recoveries from

samples of human milk and adipose tissue were 11–16%

better than the Folch extraction. Iverson et al. [19] also

showed that the Bligh and Dyer method greatly underes-

timated lipid content compared to the Folch method in fish

samples.

DT completely eliminates the need for lipid extraction

and purification and can be performed on small sample

volumes. Classical lipid extraction techniques are lengthy

and involve multiple steps, while DT is rapid and can be
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Fig. 1 Fatty acid content (as a percentage of the algal biomass dry

weight) of a Chlorella vulgaris, b Scenedesmus sp. and c Nanno-
chloropsis sp. measured by extraction with the Bligh and Dyer

(B&D), Smedes and Askland (S&A) or Folch (F) methods, followed

by transesterification and GC, or DT of the wet algal pellet. Black
bars are the fatty acid content measured by the four different

methods. Light grey bars are the fatty acid obtained by the DT carried

out on the biomass residue from the extractions

Lipids (2010) 45:1053–1060 1057

123



performed in a single tube, minimising sample losses.

The assay was found to be accurate and reproducible to 5%

above 0.5 mg and 15% (defined as the LOQ) above

0.05 mg. Assuming a relatively low fatty acid content of

10% dry weight and a biomass concentration of 1 g L-1,

this LOQ equates to an algal sample of 0.5 mg dry weight

or 2.5 mg wet weight.

The sequential addition of a basic and acid catalyst

improved the efficiency of DT, particularly when there was

water present in the reaction. With the addition of an

amount of water equivalent to that in the centrifuged

microalgal samples (80 ll), the basic catalyst SM was

completely inhibited and the activity of BF3 was reduced,

while the combination of catalysts yielded complete con-

version. This might have been due to the basic catalyst, in

the presence of water, resulting in saponification (or alka-

line hydrolysis) and cleaving the ester bonds between fatty

acids and glycerol. This removed the water and allowed the

acid catalyst to esterify the free fatty acids at a faster rate

[21]. If dry samples are used, BF3 on its own is as effective

as a combination of catalysts. However, under conditions

where there is water present in the reaction, a combination

of base and acid catalysts should be used, or alkaline

hydrolysis should be performed before methylation.

The majority of previously reported DT protocols for

microalgae used lyophilised biomass and a single acid

catalyst [25–31]. This study has shown that drying of

centrifuged algal biomass was not necessary if a sequential

combination of basic and acid catalysts were used. The

two-reagent transesterification reaction was unaffected by

water up to 10% of the total reaction volume (290 ll). The

water content of the algal samples contributed 80 ll

of water (3% of total reaction volume) and was well within

the acceptable range, thus centrifuged samples could be
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processed immediately without drying. It was not necessary

to add a water scavenger at water contents less than 10%,

although this may have been beneficial at high water con-

tents ([30%). As additional reactants such as 2,2-dimetho-

xypropane can cause extra peaks in the chromatogram, it is

recommended that water scavengers not be used at low

water contents (\10%).

The major limitation of this method is that by converting

all lipids directly into FAME, lipids can no longer be

separated and evaluated as different classes, e.g. polar

phospholipids and glycolipids versus non-polar or neutral

triacylglycerols. If a study requires the differentiation of

lipid classes, solvent extraction of the tissue may be

necessary.

As FAME are the components of biodiesel and transe-

sterification is the major method of biodiesel production,

DT has potential large-scale application in the rapid, low

cost production of biodiesel directly from microalgal cells

without the need for oil extraction. Johnson and Wen [36]

showed that a one-step method of DT resulted in a higher

FAME yield from Schizochytrium limacinum (a Thrausto-

chytrid, taxonomically aligned with heterokont microalgae

[37]) than oil extraction followed by transesterification, and

could produce biodiesel where 8 out of 11 parameters met

ASTM fuel standards. Eliminating the step of oil extraction

could make the process cheaper, but does not eliminate the

need for harvesting and dewatering of the biomass to less

than 10%. The analytical procedure described here would

need to be further developed to use cheaper and less

toxic transesterification reagents, and allow recycling of

the solvents. Preliminary data has indicated that sodium

hydroxide in methanol (0.5N) and hydrochloric acid in

methanol (5%) can be substituted for sodium methoxide

and BF3 methanol, respectively (data not shown).

Acknowledgments This work is based upon research supported by

the South African National Energy Research Institute (SANERI), the

South African Research Chairs Initiative (SARChI) of the Department

of Science and Technology and the National Research Foundation

(NRF). The financial assistance of these organisations towards this

research is hereby acknowledged. Opinions expressed and conclu-

sions arrived at are those of the authors and are not necessarily to be

attributed to SANERI, SARChI or the NRF.

References

1. Pulz O, Gross W (2004) Valuable products from biotechnology of

microalgae. Appl Microbiol Biotechnol 6:635–648

2. Spolaore P, Joannis-Cassan C, Duran E, Isambert A (2006)

Commercial applications of microalgae. J Biosci Bioeng 2:87–96

3. Apt KE, Behrens PW (1999) Commercial developments in

microalgal biotechnology. J Phycol 2:215–226

4. Shifrin NS, Chisholm SW (1981) Phytoplankton lipids: inter-

specific differences and effects of nitrate, silicate and light-dark

cycles. J Phycol 4:374–384

5. Ben-Amotz A, Tornabene TG, Thomas WH (1985) Chemical

profile of selected species of microalgae with emphasis on lipids.

J Phycol 1:72–81

6. Suen Y, Hubbard JS, Holzer G, Tornabene TG (1987) Total lipid

production of the green alga Nannochloropsis sp. QII under

different nitrogen regimes. J Phycol 23(2):289–296

7. Volkman JK, Jeffrey SW, Nichols PD, Rogers GI, Garland CD

(1989) Fatty acid and lipid composition of 10 species of

microalgae used in mariculture. J Exp Mar Biol Ecol 3:219–240

8. Renaud SM, Parry DL, Thinh LV (1994) Microalgae for use in

tropical aquaculture I: gross chemical and fatty acid composition

of twelve species of microalgae from the Northern Territory.

Australia. J Appl Phycol 3:337–345

9. Reitan KI, Rainuzzo JR, Olsen Y (1994) Effect of nutrient

limitation on fatty acid and lipid content of marine microalgae.

J Phycol 6:972–979

10. Pratoomyot J, Srivilas P, Noiraksar T (2005) Fatty acids com-

position of 10 microalgal species. Songklanakarin. J Sci Technol

6:1179–1187

11. Mansour MP, Frampton DMF, Nichols PD, Volkman JK,

Blackburn SI (2005) Lipid and fatty acid yield of nine stationary-

phase microalgae: applications and unusual C24–C28 polyun-

saturated fatty acids. J Appl Phycol 4:287–300

12. Patil V, Källqvist T, Olsen E, Vogt G, Gislerød HR (2007) Fatty

acid composition of 12 microalgae for possible use in aquaculture

feed. Aquacult Int 1:1–9

13. Widjaja A, Chien CC, Ju YH (2009) Study of increasing lipid

production from fresh water microalgae Chlorella vulgaris.

J Taiwan Inst Chem Eng 1:13–20

14. Folch J, Lees M, Sloane Stanley GH (1957) A simple method for

the isolation and purification of total lipids from animal tissues.

J Biol Chem 226(1):497–509

15. Bligh EG, Dyer WJ (1959) A rapid method of total lipid

extraction and purification. Can J Biochem Physiol 8:911–917

16. Palmquist DL, Jenkins TC (2003) Challenges with fats and fatty

acid methods. J Anim Sci 12:3250–3254

17. Pruvost J, Van Vooren G, Cogne G, Legrand J (2009) Inves-

tigation of biomass and lipids production with Neochloris
oleoabundans in a photobioreactor. Bioresour Technol 23:5988–

5995

18. Ratledge C (1987) Lipid Biotechnology: a wonderland for the

microbial physiologist. J Am Oil Chem Soc 12:1647–1656

19. Iverson SJ, Lang SLC, Cooper MH (2001) Comparison of the

Bligh and Dyer and Folch methods for total lipid determination in

a broad range of marine tissue. Lipids 11:1283–1287

20. Smedes F, Askland TK (1999) Revisiting the development of the

Bligh and Dyer total lipid determination method. Mar Pollut Bull

3:193–201. doi:10.1016/S0025-326X(98)00170-2

21. Liu KS (1994) Preparation of fatty acid methyl esters for gas-

chromatographic analysis of lipids in biological materials. J Am

Oil Chem Soc 11:1179–1187

22. Carrapiso AI, Garcı́a C (2000) Development in lipid analysis:

some new extraction techniques and in situ transesterification.

Lipids 11:1167–1177

23. Abel K, Deschmertzing H, Peterson JI (1963) Classification of

microorganisms by analysis of chemical composition. I. Feasi-

bility of utilizing gas chromatography. J Bacteriol 85(5):1039–

1044

24. Montaini E, Chini Zittelli G, Tredici MR, Molina Grima E,

Fernandez Sevilla JM, Sanchez Perez JA (1995) Long-term

preservation of Tetraselmis suecica: Influence of storage on

viability and fatty acid profile. Aquaculture 1–2:81–90

25. Rodrı́guez-Ruiz J, Belarbi EH, Sánchez JLG, Alonso DL (1998)

Rapid simultaneous lipid extraction and transesterification for

fatty acid analyses. Biotechnol Tech 9:689–691

Lipids (2010) 45:1053–1060 1059

123

http://dx.doi.org/10.1016/S0025-326X(98)00170-2


26. Wen ZY, Chen F (2001) Optimization of nitrogen sources for

heterotrophic production of eicosapentaenoic acid by the diatom

Nitzschia laevis. Enzyme Microb Technol 6–7:341–347

27. Blokker P, Pel R, Akoto L, Brinkman UAT, Vreuls RJJ (2002)

At-line gas chromatographic–mass spectrometric analysis of fatty

acid profiles of green microalgae using a direct thermal desorp-

tion interface. J Chromatogr A 1–2:191–201

28. Carvalho AP, Pontes I, Gaspar H, Malcata FX (2006) Metabolic

relationships between macro-and micronutrients, and the eicosa-

pentaenoic acid and docosahexaenoic acid contents of Pavlova
lutheri. Enzyme Microb Technol 3–4:358–366

29. Fajardo AR, Cerdán LE, Medina AR, Fernández FGA, Moreno

PAG, Grima EM (2007) Lipid extraction from the microalga

Phaeodactylum tricornutum. Lipid-Fett 2:120–126

30. Armenta RE, Scott SD, Burja AM, Radianingtyas H, Barrow CJ

(2009) Optimization of fatty acid determination in selected fish

and microalgal oils. Chromatographia 3:629–636

31. Hsieh CH, Wu WT (2009) Cultivation of microalgae for oil

production with a cultivation strategy of urea limitation. Biore-

sour Technol 17:3921–3926

32. Metcalfe LD, Schmitz AA, Pelka JR (1966) Rapid preparation of

fatty acid esters from lipids for gas-chromatographic analysis.

Anal Chem 38:514–515

33. Lepage G, Roy C (1986) Direct transesterification of all classes of

lipids in a one-step reaction. J Lipid Res 1:114–120

34. Wu YT, Lin LC, Tsai TH (2009) Measurement of free

hydroxytyrosol in microdialysates from blood and brain of

anesthetized rats by liquid chromatography with fluorescence

detection. J Chromatogr A 16:3501–3507

35. Lepage G, Roy C (1984) Improved recovery of fatty acid through

direct transesterification without prior extraction or purification.

J Lipid Res 12:1391–1396

36. Johnson MB, Wen Z (2009) Production of biodiesel fuel from the

microalga Schizochytrium limacinum by direct transesterification

of algal biomass. Eng Fuel 23(10):5179–5183

37. Lewis TE, Nichols PD, McMekin TA (1999) The biotechnolog-

ical potential of Thraustochytrids. Mar Biotechnol 6:580–587

1060 Lipids (2010) 45:1053–1060

123



decomposed to aldehydes during the digestion and

absorption processes. Giuffrida et al. [3] detected that low

pH promotes breakdown of epoxidized lipids to diols in

simulated gastric conditions. Low pH also promotes oxi-

dation of double bonds and as oxygen is present in the

stomach in excess, it is likely that the stomach acts as an

oxidative bioreactor [4, 5]. Moreover, the ferrous ions that

are formed during the digestion of meat products can

readily act as catalysts in the oxidation reactions in the

stomach [6, 7]. It is difficult to study lipid oxidation during

digestion processes, because of the necessity of using

animal models and because such research requires complex

analytical procedures. However, there are alternatives to

animal models. In the current experiment, an artificial

digestion model was adopted to analyze the progression of

lipolysis and the presence of oxidized lipids [8, 9].

During digestion, triacylglycerols (TAG), which are the

main molecular species of refined oils, are hydrolyzed by

different enzymes to form free fatty acids (FFA) and

monoacylglycerols (MAG). Diacylglycerols (DAG) are

also formed in the stomach and in the first part of the small

intestine. Lingual lipase and gastric lipase are both active

in the acidic environment in the stomach and can hydrolyze

from 10 to 30% of the TAG present in the stomach to FFA

and DAG [10, 11]. Generally, short and medium-length

fatty acids are hydrolyzed more efficiently by gastric lipase

than long ones, and the sn-3 position is preferred over the

sn-1 position while the sn-2 position is left mostly intact

[12]. Different polarities and dipole properties of FFA,

MAG, DAG, and TAG result in different distributions

inside the lipid droplets formed during digestion. As

digestion proceeds, lipid droplets become smaller in size

and eventually form mixed micelles with phospholipids,

cholesterol, cholesteryl esters and bile salts in the intestine.

FFA and MAG are released from the mixed micelles in the

duodenum and absorption takes place. Some absorption of

FFA also takes place in the stomach [13].

Among the various methods developed to analyze these

nonvolatile lipids is high performance liquid chromatog-

raphy (HPLC) coupled with mass spectrometry (MS).

Atmospheric pressure chemical ionization (APCI)–MS

[14–18] and electrospray ionization (ESI)–MS [19, 20]

have been used to determine e.g. the TAG composition of

low erucic acid rapeseed oil. APCI–MS [18] and ESI–MS

[21] have also been used to analyze oxidized TAG species

of low erucic acid rapeseed oil as ammonium adducts.

Simultaneous analysis of different lipid classes is usually

performed in a less specific manner e.g. with thin layer

chromatography (TLC) [22]. Furthermore, normal phase

(NP)-HPLC is frequently used in the crude separation of

FFA, MAG, DAG, TAG, phospholipids, and different

cholesterol species, followed by more detailed gas

chromatography (GC) or HPLC analysis. More specialized

NP-HPLC–ESI–MSn analysis of different lipid classes has

recently been developed [23]. Solid phase extraction (SPE)

is often used to separate major lipid classes from each other

prior to more specific analysis of different molecular spe-

cies [22].

Once isolated, fatty acids are routinely analyzed by GC

as methyl esters. NP-HPLC analysis of fatty acids is usu-

ally performed after derivatization to picolinyl or methyl

esters, but some work has also been done with underiv-

atized free fatty acids [24, 25]. Orellena-Coca analyzed

epoxidized free fatty acids with a reversed phase (RP)-

HPLC-evaporative light scattering detector (ELSD)–MS

and MS/MS with good resolution between individual

molecular species [26]. However, the handling and deriv-

atization of the sample takes time and possibly exposes the

sample to further oxidation or other deterioration. More-

over, GC analysis involves elevated temperatures that may

affect some of the oxidized molecules such as unstable

hydroperoxides.

The purpose of the current study was to develop a

method for the simultaneous analysis of FFA, MAG, DAG,

and TAG molecular species and their oxidation products

from lipid digestion samples. In particular, the aims were to

(a) achieve adequate resolution among individual molec-

ular species while reducing the overall workload signifi-

cantly and (b) reduce the risk of sample oxidation during

handling. The developed HPLC–ELSD–ESI–MS method

was applied to study lipid digestion and oxidation in an

artificial digestion model.

Experimental Procedures

Materials and Methods

All solvents were of HPLC grade or when adequate, p.a.

grade. HPLC grade water was prepared with Millipore

Milli-Q water purification system (Millipore SA, Mols-

heim, France). Porcine pepsin, lipase, pancreatin, a-amy-

lase from Aspergillus oryzae, and bovine serum type II

albumin were purchased from Sigma-Aldrich Co. (St.

Louis, MO, USA). Mucin was purchased from Carl Roth

GmbH (Karlsruhe, Germany). 12-hydroxyoctadecanoic

acid ([98%), 1(3)-monopalmitoyl-sn-glycerol ([99%),

1(3)-monostearoyl-sn-glycerol ([99%), 1(3)-monooleoyl-

sn-glycerol ([99%), 1(3)-monolinoleoyl-sn-glycerol ([99%),

1(3)-monolinoleoyl-sn-glycerol ([98%), 1,2(2,3)-dipalmi-

toyl-sn-glycerol ([99%), 1,3-dipalmitoyl-sn-glycerol ([99%),

1,3-dioleoyl-sn-glycerol ([99%), 1,3-dilinoleoyl-sn-glyc-

erol ([99%), and 1,3-dilinolenoyl-sn-glycerol ([99%)

were purchased from Larodan Fine Chemicals AB (Malmö,

Sweden). Saturated even carbon number free fatty acids

(C10–C24), and palmitoleic, oleic, linoleic, and a-linolenic
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acids, and trinonadecanoyl-sn-glycerol were purchased from

Sigma-Aldrich Co. A triacylglycerol mixture (GLC HPLC #

G-1) was purchased from Nu-Check Prep Inc. (Elysian, MN,

USA). The mixture was composed of saturated TAG from

tricaprin to tristearin, and also included tripalmitolein, trio-

lein, trilinolein, and trilinolenin (see Table 2). Oxidized

triacylglycerols (1,3-distearoyl-2-(monohydroperoxy)stea-

royl-sn-glycerol, 1,3-dibehenoyl-2-(monohydroperoxy)

oleoyl-sn-glycerol, 1,3-distearoyl-2-(monohydroperoxy)

oleoyl-sn-glycerol, 1,3-dibehenoyl-2-(monoepoxy)stearoyl-

sn-glycerol, 1,3-distearoyl-2-(diepoxy)stearoyl-sn-glycerol,

1,2-(monoepoxy)distearoyl-3-stearoyl-sn-glycerol, 1,3-dis-

tearoyl-2-(monohydroperoxy)linoleoyl-sn-glycerol, and

1,3-dibehenoyl-2-(9-oxo)nonanoyl-sn-glycerol) were used

from previous experiments [27]. Rapeseed oil (Kultasula,

Raisio plc, Finland), milk protein isolate (MAITO90, Func

Food Finland Oy, Finland), potato starch (Pirkka, Kesko

Corporation, Finland), and fiber preparation (Kuidukas,

Myllyn Paras Oy, Finland) were purchased from a grocery

store. 3-chloroperoxybenzoic acid and methylene blue were

obtained from Sigma-Aldrich Co. Hydrogen peroxide (30%)

and formic acid (99%) were obtained from Riedel-de Haën

(Riedel-de Haën AG, Seelze, Germany).

Oil Oxidation and Synthesis of Oxidized Reference

Compounds

Low erucic acid rapeseed oil was oxidized in a convection

oven at 100�C for 48 h. As epoxides are reported to break

down to diols in acidic conditions, hydroxylated oil was

selected as the second oxidized oil for the digestive

experiments [3]. The hydroxylated oil was prepared by

chemical oxidation according to Harry-O’Kuru and Carri-

ere from rapeseed oil [28]. Formic acid (370 lL) was

mixed with rapeseed oil (3.0 g) while gently mixing with a

magnetic stirrer in test tubes. Hydrogen peroxide (3.8 mL)

was added slowly while mixing and the temperature was

raised to 70�C for 15 h. H2O (1.8 mL) was added with HCl

(250 lL). Mixing was continued for an additional 15 h at

70�C. The mixture was transferred to a separatory funnel

with ethyl acetate. The chemically oxidized oil was first

washed with saturated NaCl solution, then with saturated

NaHCO3 solution, and finally with MQ water. Ethanol

(97%) was added to separate the water from the chemically

oxidized oil. A rotary evaporator (50�C) was used to dry

the oil.

Additionally, linoleic and linolenic acids were oxidized

by a photosensitizing method according to Neff et al. [29]

and epoxy derivatives were prepared according to Deffense

[30]. Briefly, 15 mg of linoleic and linolenic acids in

dichloromethane (400 lL) were mixed separately with

3-chloroperoxybenzoic acid (40 mg) to form epoxy deriv-

atives, and linoleic and linolenic acids (30 mg each) in

dichloromethane (400 lL) were photo-oxidized in 0.1 mM

methylene blue solution (3 mL) under a 250 W UV light

(distance from light 20 cm for 15 h) to form hydroperox-

ides. The solutions in test tubes were kept in an ice bath

during the photo-oxidation. In addition, hydroperoxidized

monoacylglycerols and diacylglycerols were produced

by photo-oxidation from 1(3)-monooleoyl-sn-glycerol,

1(3)-monolinoleoyl-sn-glycerol, 1(3)-monolinolenoyl-sn-

glycerol, 1,2(2,3)-dioleoyl-sn-glycerol, and 1,2(2,3)-dili-

noleoyl-sn-glycerol. Peroxide values were measured from

the oxidized rapeseed oils according to AOCS method Cd

8-53 [31].

Standard Meal

A standard meal was prepared for the digestion experi-

ments. Potato starch was used as the carbohydrate source,

milk protein isolate as the protein source, and fiber was

obtained from a bran mixture of oat, rye, and wheat. The

carbohydrate, protein, and fiber contents of the standard

meal were calculated from the composition information

given by the manufacturers. The Finnish nutritional rec-

ommendations from the National Nutrition Council [32]

and the National FINDIET 2002 survey [33] were used as

the basis for the calculations of the macronutrient compo-

sition of the standard meal. 50.0% of the energy of the

standard meal came from carbohydrates, 16.5% from pro-

teins, and 33.5% from separately added lipids. Three grams

of fiber were added for each MJ of energy. Lipids were

removed from the milk protein isolate and from the fiber

preparation by a exhaustive (40 h) Soxhlet extraction with

chloroform and methanol (2:1, v/v). Lipid-free ingredients

were dried in a convection oven (60�C) overnight,

weighed, and mixed together. The dry standard meal base

was stored in a desiccator. The standard meal was prepared

from the dry base by adding water and consecutively

heating the mixture (100�C for 20 min.) to hydrate the

starch. The lipid component was added separately.

Artificial Digestion Model

The artificial digestion model to be developed was based

on the Versantvoort et al. [8, 9] comprehensive study on

simulation of human digestive processes. The compositions

of digestive fluids used here were based on the fed state, in

contrast to the fasted state, simulating the conditions during

and after meal consumption and digestion. The main dif-

ferences to Versantvoort’s model were the scale and scope

and the collection of saliva from volunteers instead of

artificially making it. Inorganics were weighed and diluted

in 25-mL volumetric flasks which were stored in a refrig-

erator. Organic fluids were prepared on the same day the

digestion model was used. Appropriate amounts were
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weighed into 25-mL volumetric flasks and dissolved in

deionized water. The collected saliva was centrifuged

(1,1009g) and the supernatant was used as is on the same

day. Saliva was stored refrigerated for a short period of

time. The simulated gastric fluid, bile, and intestinal fluid

were prepared from organic and inorganic fluids according

to Versantvoort et al. [9]. All the liquids were heated to

37�C before use in the artificial digestion model.

The standard meal (900 mg) was weighed in test tubes

and the appropriate oil (35 mg) was added, together with an

internal standard (5 mg of 12-hydroxystearic acid). Saliva

and gastric fluid were added (see Table 1), the test tubes

were capped and incubated (pH 2–3) in a shaker for 2 h

(700 U/min, 37�C). Finally, bicarbonate, bile, and intestinal

fluid were added and the test tubes were incubated for an

additional 2 h (pH 6.5–7). Samples (200 lL) were taken for

extraction. The pH of the food and digestive fluid mixtures in

different digestive phases were checked with a pH meter

(WTW inoLab Ph Level 1, Wissenschaftlich-Technische

Werkstätten GmbH, Weilheim, Germany).

Extraction

Samples after digestion were extracted according to Folch

et al. [34] with minor adjustments. Nitrogen gas was used as

an inert atmosphere during the extraction procedures.

Samples (200 lL) of digestion fluid were added to dispos-

able glass test tubes and MeOH (1.5 mL) was added. The

test tubes were mixed thoroughly and chloroform (3 mL)

was added. The test tubes were incubated in a shaker (700 U/

min) at room temperature for 1 h. H2O (1.25 mL) was

added, mixed and left to stand. The test tubes were centri-

fuged at 1,0009g for 10 min and the lower phase was

carefully transferred into a clean tube. For quantitative

extraction, clean lower phase (2 mL) was added to the

remaining upper phase, and the test tubes were remixed and

centrifuged. The lower phases were combined avoiding any

precipitates, evaporated to dryness, and dissolved in iso-

propanol (1 mL). The samples were not filtered prior to

analysis. Extracted samples were stored in a deep freezer

(-80�C) for a short period of time until analyzed.

GC Analysis of Fatty Acid Methyl Esters

The fatty acid composition of native rapeseed oil was

determined using a GC–flame ionization detector (FID) by

comparison to authentic reference compounds. Briefly,

0.3 mg of oil were transferred into test tubes and spiked

with 0.1 mg of internal standard trinonadecanoin. Toluene

(100 lL) and boron trifluoride in methanol (0.5 mL) were

added and the capped test tubes were incubated for 1 h

(90�C). After extraction with hexane (0.8 mL) and H2O

(1 mL), the samples were analyzed with a Perkin-Elmer

Auto-System Gas Chromatograph (Waltham, MA, USA)

with an autosampler and a 60 m 9 0.25 mm i.d., 0.25 lm

film thickness, J.W. Scientific DB-23 column (Agilent

Technologies Inc., Santa Clara, CA, USA). The following

temperature program was used. An initial 130�C oven

temperature was held for 1 min, then increased to 170�C

(6.5�C/min), then to 215�C (2.8�C/min) and held for

12 min, and finally to 230�C (40�C/min) and held for

3 min. The injector was held at 270�C and the detector at

290�C. The injection volume was 1 lL and four replicates

were injected per sample.

HPLC–ELSD–ESI–MS Analysis

A Waters Acquity UPLCTM was used as an LC inlet

(Milford, MA, USA), and a Macherey-Nagel C18 Nucle-

odur ISIS column (250 mm 9 4.6 mm i.d., 5 lm particle

size, Macherey-Nagel inc., Bethlehem, PA, USA) was used

for the separation of lipid components. An evaporative

light scattering detector (Sedex LT-75, Sedere Inc., Law-

renceville, NJ, USA) was used to detect the separated

sample components simultaneously with a Waters Quattro

Premier tandem quadruple mass spectrometer used in

positive ESI mode. A solvent gradient program was used

for the HPLC separation. Solvent A was composed of

acetonitrile, H2O, and formic acid (50:50:0.1, by vol).

Solvent B was composed of isopropanol, acetone, and

formic acid (90:10:0.1, by vol). Solvent B was increased

from an initial level of 10 to 60% in 40 min and to 95% in

85 min. The total flow rate was 1.0 mL/min of which 20%

was directed to the mass spectrometer. The ELSD was

operated at 40 psi and 70�C.

High water and isopropanol contents of the mobile

phases resulted in very high operating pressures.

250 mm 9 4.6 mm i.d. columns with 5 lm silica particles

can withstand around 5,000 psi of back pressure. Acetone

could have been used as pure B solvent but the increase in

the low m/z background noise in MS was excessive. Instead

we modified the existing column oven of the Acquity

UPLC system to hold a 250 mm 9 4.6 mm i.d. column.

After careful insulation, it was possible to decrease the

back pressure significantly (approx. to half) by warming up

Table 1 Volumetric composition of the artificial digestion model

Component Volume (mL)

Food 0.9

Saliva 0.6

Gastric fluid 1.2

Bicarbonate (1 M) 0.2

Bile 0.6

Intestinal fluid 1.2

Total volume 4.7
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the column to 60�C. A more modest temperature (30�C)

was, however, selected to minimize possible in-column

oxidation during the 90 min analysis. This small increase

in column temperature when combined with 10% acetone

in solvent B was enough to keep the maximum back

pressure at less than 5,000 psi.

Free fatty acids can partially ionize during chromatog-

raphy, resulting in peak broadening and tailing. Different

ionization suppressors were tested during optimization.

0.05% trifluoroacetic acid (TFA) gave the sharpest peaks

for FFA but resulted in excess noise in the MS detector.

Acetic acid and formic acid (0.1%) were similar in the

efficiency of ionization suppression during chromatogra-

phy but not as effective as TFA. Formic acid was selected

because of the lowest noise in MS, although some peak

broadening still occurred.

Mass calibration of the mass spectrometer was done

automatically by Waters MassLynx 4.1 control software.

Preliminary calibration was done by infusion of a NaCsI

solution. This, however, resulted in small systematic mass

error in the higher mass region which was corrected by

recalibrating the instrument and all the acquired data. The

new calibration was done with the aid of water clusters [35].

Three types of calibrations were performed on each quad-

rupole: a static scan calibration (50–1,800 Da), a scanning

calibration (50–1,800 Da), and a scan speed compensation

calibration (200–5,000 amu/s). 31 peaks obtained by the

infusion of 0.1% TFA solution were compared to a refer-

ence file (calculated monoisotopic cluster peaks of water,

[H3O ? nH2O]?) and calibration curves were obtained.

The maximum acceptable deviation of mass differences was

set at 0.2, which was not exceeded during the calibration.

The mass precision remained good throughout the analyses,

and therefore, all the recalibrated data were considered

accurate. Tuning was performed by introducing reference

compounds via a syringe pump to a tee leading into the ion

source, while the solvent flow from the inlet was set at

150 lL/min. Mass spectra from 150 to 1,100 m/z were

collected in the positive ionization mode. Tuning was

optimized for simultaneous analysis of FFA, MAG, DAG,

and TAG. The ESI capillary voltage was set at 3.00 kV, the

cone voltage at 300 V, the extractor voltage at 2 V, the

source temperature at 120�C, the desolvation temperature at

170�C, the desolvation gas (N2) flow at 600 L/h, and the

cone gas flow at 500 L/h. The cone voltage was set at

300 V, because less background noise was observed com-

pared to a smaller and more typical setting of 10–60 V.

Quantitative Calculations

Quantitative calculations were performed from calibration

and sample runs. MassLynx 4.1 was used for ELSD and

MS data collection and analysis. Origin 8 SR4 (OriginLab

Co., Northampton, MA, USA) was used for calibration

curve fittings. The quantification was based on calibration

curves that were formed by linear fitting of the area of

extracted single ion mass chromatogram peaks versus

concentration. An internal standard (12-hydroxyoctadeca-

noic acid) was used to correct for any sample loss during

sampling or Folch extraction. Duplicate runs of five dif-

ferent levels of reference compounds were performed to

obtain calibration curves. 10, 5, 2.5, 1.25, 0.625 lg loads to

column were used for FFA, and one tenth of the amount of

FFA for MAG, DAG, and TAG. The saturation of the MS

signal limited the accuracy of quantification at higher

concentrations. No reliable quantification was performed

on the oxidized compounds because the reference com-

pounds acquired were not sufficiently pure.

Results and Discussion

Development of HPLC–ELSD–ESI–MS Method

To develop a comprehensive HPLC method that would be

capable of separating FFA, MAG, DAG, TAG, and their

oxidized equivalents, a large number of reference com-

pounds was used. Figure 1 shows ELSD and MS chro-

matograms, as well as a combined full scan mass spectrum

of 0–90 min of the unoxidized reference compounds ana-

lyzed by the developed method. Analogous chromatograms

and a spectrum of oxidized reference compounds are pre-

sented in Fig. 2. In addition, oxidized reference compounds

were analyzed individually. The assignments, the retention

times of the unoxidized and oxidized reference compounds,

and the most abundant positive ions formed in ESI–MS are

given in Tables 2 and 3, respectively (oxidized molecules

are numbered with apostrophes and unoxidized with plain

numbers.) Linear fitting equations used in the quantifica-

tion of some of the MAG, and DAG are shown in Table 4,

along the coefficients of determination.

The ELSD served as an auxillary detector and produced

similar response profiles as the MS detector for the unox-

idized lipids. However, the relative signal intensities of

FFA (e.g. peaks 6 and 17 in Fig. 1a) compared to MAG,

DAG and TAG were much higher in the ELSD signal

compared with the ESI–MS signal in the positive ioniza-

tion mode (see Fig. 1b). This indicates poor ionization of

the FFA in the positive ionization ESI–MS. Also, epoxi-

dized FFA (peaks 10, 20, and 40 in Fig. 2a) had a much

higher relative signal intensity in the ELSD. Diacylglyce-

rols formed [M?23]? ions (sodium adducts) efficiently

which corresponded to higher MS signal intensity of DAG

(e.g. peaks 19, 22, and 26 in Fig. 1b) compared with MAG

(e.g. peak 14 in Fig. 1b). It is worth noting that the flowrate

into the ELSD was higher as only 20% of the total flow was
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directed into the MS detector, and that the amount of FFA

injected was ten times the amount of MAG, DAG, and

TAG. As expected, the linear range of the response was

higher with the ELSD. The total ion current chromato-

grams include much information that can be extracted and

enables the study of closely eluting and unresolved peaks.

As expected, free fatty acids displayed negative [M-H]-

ions when negative ionization mode was used, but as

oxidized FFA did not readily form negative ions and since

MAG, DAG or TAG did not form negative ions at all,

negative ionization was not used. Protonated molecules

[M?H]? were not observed by ESI–MS during analysis, as

previously noted by others [17, 18], but instead the analytes

formed sodium adducts [M?23]? and clusters of adducts

[2*M?23]?, [2*M?45]?, [2*M?67]?, and [3*M?89]?.

Water adducts [M?18]? were mainly observed with

epoxidized FFA. Some protonated molecules and more

intense water adducts were seen during tuning, but the flow

rate was lower than in actual analyses. Medium length

(10:0–16:0) FFA formed mainly [M?45]? ions and clus-

ters of adducts with minimal [M?23]? ions. The [M?45]?

ion is probably an adduct of a deprotonated molecule and

two sodium atoms. Similarly, ions [2*M?67]? and

[3*M?89]? probably correspond to clusters of two and

a

b

c

Fig. 1 ELSD chromatogram

(a), full scan total ion MS

chromatogram (b), and a

combined full scan mass

spectrum of 0–90 min (c) of

unoxidized reference compound

mixture. Analyzed as explained

in experimental procedures. The

amount injected was 5.0 lg of

each FFA, 0.5 lg MAG, DAG,

and most of the TAG. Refer to

Table 2 for peak numbering
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three deprotonated molecules plus three and four sodium

atoms. Longer ([18:0) free fatty acids formed more of

[M?23]? adducts. The amount of cluster ions was reduced

when the cone gas flow rate was increased to 500 L/h.

Possibly conditions in the ion source, such as high cone

voltage, facilitated the formation of these somewhat

undesirable clusters. Higher weight clusters, however, were

of aid in the assignments of some ions.

MAG, DAG, and TAG formed predominantly sodium

adducts. Owing to the upper limit of the scanning range

(150–1,100 m/z), higher molecular weight clusters were

observed from glycerolipids only if the [M?23]? ion was

less than m/z 538. A distinctive [M-H2O?Na]? ion

formed from dehydration of the hydroperoxide group was

seen in hydroperoxidized MAG, DAG, and TAG when

analyzed by ESI–MS. This dehydration phenomenon has

also been observed by others [18, 36]. The intensity of the

[M-H2O?Na]? ion varied from nearly 0% up to 65%

compared to [M?Na]?. Hydroperoxidized FFA, instead,

formed [M-H2O?45]? ions. Synthesized hydroperoxides

of FFA, MAG and DAG clearly formed different geometric

isomers with different retention times (see Fig. 2). Our RP-

HPLC method can separate some of them, but some co-

elution still occurred. In order to identify molecular species

more reliably, purification by preparative HPLC and con-

secutive MS/MS and NMR analyses would be needed.

a

b

c

Fig. 2 ELSD chromatogram

(a), full scan total ion MS

chromatogram (b), and a

combined full scan mass

spectrum of 0–90 min (c) of

oxidized reference compound

mixture. Analyzed as explained

in experimental procedures.

Refer to Tables 2 and 3 for peak

numbering
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Analysis of Native, Thermally Oxidized,

and Chemically Oxidized Rapeseed Oils

Fatty acid composition of the native low erucic acid

rapeseed oil determined by GC–FID is shown in Table 5.

The FA composition is similar to rapeseed oils used in

Sweden [19], the Czech Republic [16], and North

America [14], although oils of some Canola varieties have

more oleic acid (72%) and much less linoleic (\2%) and

a-linolenic (\2%) acids [21]. Typical low erucic acid

rapeseed oil is susceptible to autoxidation, as 35% of the

fatty acids are polyunsaturated and nearly 60% are

monounsaturated. The peroxide values of the oxidized oils

were 100 mequiv O2/kg for the oven-oxidized rapeseed

oil and 20 mEq O2/kg for the chemically oxidized oil.

Full scan total ion MS chromatograms of the undigested

oils analyzed by the developed HPLC–ELSD–ESI–MS

method are presented in Fig. 3 and fingerprint-like, diag-

nostic, combined spectra of the different oils are given in

Fig. 4. Peak assignments and the most abundant positive

ions, formed in ESI–MS from undigested native rapeseed,

chemically oxidized rapeseed, and oven-oxidized rapeseed

oils, are presented in Table 6.

The combined full scan spectra of different oils (Fig. 4)

showed that thermally oxidized rapeseed oil and chemi-

cally oxidized rapeseed oil clearly differ from each other

and from natural unoxidized rapeseed oil. Much of the

UFA oxidized to higher molecular weight products but

some were also converted to smaller molecular weight

molecules, as in oven-oxidized rapeseed oil. These smaller

molecular weight oxidation products are probably sec-

ondary oxidation products such as core aldehydes as

described by Sjövall et al. and others [37–41]. Confirma-

tion of the core aldehydes would have required derivati-

zation with 2,4-dinitrophenylhydrazine and consecutive

negative ESI–MS analysis [39, 40]. Moreover, the high

temperature during oven oxidation may produce some

dimers, trimers and various other oligomers of triacylgly-

cerols as determined by Byrdwell et al. [41] Our HPLC

method was not optimized for separating these high

molecular weight oxidation products. Chemically oxidized

oil contains, as expected, mainly hydroxy triacylglycerols,

whereas hydroperoxides [20] are present mainly in the

oven-oxidized rapeseed oil.

Artificial Digestion Model and Progression of Lipolysis

Figure 5 represents the full scan MS chromatograms of the

digestion products of different oils used in the study. Only

small amounts of diacylglycerols and even less triacyl-

glycerols were detected in the model chyme 2 h after the

addition of lipases. After 1 h of digestion with lipases,

there were still significant amounts of DAG present alongT
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with TAG as well as some MAG and FFA (data not

shown). These observations indicate that the overall

digestion process was simulating the efficacy of the human

digestive system quite well, even though there was no

gastric lipase present. It is also worth observing that oxi-

dized oils were digested as efficiently as unoxidized. No

substrate specificity in favor of unoxidized oils was

detected in the enzymatic processes. Table 7 summarizes

the observed and identified digestion products of different

oils. Several molecules remained unidentified due to the

lack of authentic reference compounds, but some conclu-

sions can be drawn from the mass spectra. Molecules with

intense m/z 341 and 343 ions are likely to be hydroxylated

and epoxidized linoleic and linolenic acids, since the

Table 4 Linear fitting equations and R2 values of calibration plots of

some reference compounds

Compound Equation R2

18:1-MAGa 1.708E-5x ? 1.137 0.9831

18:2-MAGa 5.399E-5x ? 8.652 0.9864

18:3-MAGa 9.018E-5x ? 8.544 0.9917

36:2-DAG 1.032E-5x ? 3.438 0.9922

36:4-DAG 8.780E-6x ? 2.616 0.9929

36:6-DAG 1.088E-5x ? 2.858 0.9923

a Sn-1(3) and sn-2 regioisomers assumed identical response

Table 5 Fatty acid composition of low erucic acid rapeseed oil

(Brassica napus)

FA (% Weight) SD (%)

14:0 \0.1 –

16:0 3.3 0.02

16:1 0.2 0.00

18:0 1.6 0.02

18:1(n-7) 2.7 0.01

18:1(n-9) 55.6 0.01

18:2(n-6) 22.4 0.02

18:3(n-6) 0.3 0.02

18:3(n-3) 12.4 0.02

20:0 0.5 0.03

20:1(n-9) 1.0 0.02

20:2(n-6) \0.1 –

22:0 \0.1 –

22:1(n-9) \0.1 –

24:0 \0.1 –

SFA 5.5

MUFA 59.5

PUFA 35.0

Fatty acid composition was analyzed by GC as methyl esters, n = 4

SFA Saturated fatty acids, MUFA monounsaturated fatty acids, PUFA
Polyunsaturated fatty acids
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calculated values would fit if the formed ion is the expected

[M?45]?.

The proportional amounts of regioisomeric sn-2 and sn-

1(3) monoacylglycerol pairs following digestion for 4 h

(2 h with lipases) were quite unexpected (Table 8). After

the artificial digestion of regular rapeseed oil, 35% of

monoolein, 25% of monolinolein and 15% monolinolenin

were in the sn-1(3) configuration. In the chemically oxi-

dized oil the relative amounts were 30, 21, 20% and in the

oven-oxidized oil 13, 0, 0%, respectively. Since pancreatic

lipase is thought to be exclusively sn-1(3) specific, only the

sn-2 regioisomer should have been present abundantly. The

stereoselectivity of pancreatic lipase has been studied in the

past but with limited focus on the formed monoacylglyc-

erol identities in vivo or ex vivo [42]. Constantine et al.

[43] observed that some free glycerol was formed when

TAG were incubated for extended time. This could be

explained by acyl migration of sn-2-MAG to sn-1(3) and

subsequent hydrolysis to FFA and free glycerol. The

chemically oxidized oil contained 28% and oven-oxidized

oil 11% of the native TAG species present in unoxidized

rapeseed oil. This partially explains the smaller amount of

a

b

c

Fig. 3 Full scan total ion MS

chromatograms of undigested

rapeseed oil (a), oven-oxidized

rapeseed oil (b), and chemically

oxidized oil (c). Analyzed as

indicated in experimental

procedures. Refer to Table 6 for

peak numbering

1072 Lipids (2010) 45:1061–1079
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sn-1(3)-MAG present in the digested oxidized oils com-

pared to the unoxidized oil.

If the only explanation of the presence of sn-1(3)-MAG

is nonenzymatic acyl migration, it occurred at a clearly

higher rate than previously thought. Although the low pH

of the stomach facilitates acyl migration, such a high

isomerization was not anticipated due to the addition of

bicarbonate to the chyme in the intestinal phase of the

artificial digestion model. Furthermore, the substrate

specificity of pancreatic lipase should be considered.

Again, if only acyl migration was the explanation, the sn-

1(3)-MAG should have been hydrolyzed to free fatty acids

and glycerol by the pancreatic lipase. It is possible that sn-

1(3)-MAG have a very different affinity to pancreatic

lipase as opposed to sn-1,2(2,3)-DAG. On-column acyl

migration cannot explain the observed sn-1(3)-MAG

because it would show as a broadening of the observed

peaks. Also, sample treatment is minimized and only Folch

extraction is done after the artificial digestion. Future

experiments should address this interesting observation.

a

b

c

Fig. 4 Combined mass spectra

of 50–85 min of undigested

rapeseed oil (a), oven-oxidized

rapeseed oil (b), and chemically

oxidized oil (c). Analyzed as

indicated in experimental

procedures. Refer to Table 6 for

peak listings
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Table 6 Retention times and most abundant positive ions of oxidized and unoxidized triacylglycerols found in the undigested oils

Peak

no.

Postulated structures or

functional groups

Oxygen

atomsa
ACN:DBNb tR

(min)

RRTc Mmono

(Da)d
[M?23]?

(m/z)e
Abundance

Rapeseed

oil

Chemically

oxidized

oil

Oven

oxidized

oil

1 18:3–18:3–18:2 0 54:8 70.5 3.00 874.7 897.7 150,000 – –

2 18:2–18:3–18:2/18:3–18:3–18:1 0 54:7 72.3 3.08 876.7 899.7 1,732,000 53,000 –

3 18:3–18:3–18:0/18:2–18:3–18:1/

18:2–18:2–18:2

0 54:6 74.0 3.15 878.7 901.7 4,414,000 512,000 –

4 16:1–18:3–18:1/16:1–18:2–18:2/

16:0–18:3–18:2

0 52:5 74.3 3.16 852.7 875.7 229,000 26,000 –

5 18:2–18:3–18:0/18:1–18:3–18:1/

18:2–18:2–18:1

0 54:5 75.5 3.21 880.8 903.7 7,256,000 1,687,000 48,000

6 16:0–18:3–18:1/16:1–18:3–18:0/

16:0–18:2–18:2/16:1–18:2–18:1

0 52:4 75.9 3.23 854.7 877.7 771,000 138,000 –

7 18:1–18:2–18:1/18:1–18:3–18:0/

18:2–18:2–18:0

0 54:4 77.0 3.28 882.8 905.8 5,477,000 2,099,000 484,000

8 16:1–18:1–18:1/16:0–18:2–18:1/

16:0–18:3–18:0

0 52:3 77.4 3.29 856.8 879.7 9,150,00 264,000 46,000

9 16:0–18:2–16:0/16:1–18:1–16:0 0 50:2 77.7 3.30 830.7 853.7 24,000 – –

10 20:1–18:3–18:0/20:1–18:2–18:1 0 56:4 78.4 3.33 910.8 933.8 184,000 87,000 28,000

11 18:1–18:1–18:1/18:1–18:2–18:0/

18:0–18:3–18:0/20:1–18:1–16:1/

20:1–18:2–16:0

0 54:3 78.5 3.34 884.8 907.8 3,381,000 1,734,000 1,695,000

12 16:1–18:1–18:0/16:0–18:2–16:0 0 52:2 78.9 3.36 858.8 881.8 898,000 389,000 370,000

13 20:1–18:1–18:1/20:1–18:2–18:0/

20:0–18:3–18:0/20:0–18:2–18:1

0 56:3 79.8 3.40 912.8 935.8 239,000 71,000 58,000

14 18:1–18:1–18:0/18:0–18:2–18:0 0 54:2 80.4 3.42 886.8 909.8 280,000 130,000 126,000

15 20:0–18:2–18:1/20:0–18:3–18:0 0 56:3 80.5 3.43 912.8 935.8 Trace – –

16 20:1–18:1–18:0/20:0–18:2–18:0 0 56:2 81.9 3.49 914.8 937.8 Trace – –

17 20:1–18:2–20:0/20:1–18:1–20:1 0 58:3 81.9 3.49 940.8 963.8 Trace – –

18 20:1–18:3–22:0/20:0–18:3–22:1/

20:0–18:3–22:1

0 60:4 81.9 3.49 966.9 989.9 Trace – –

19’ – – – 51.8 2.20 – 849.6 – – 151,000

20’ Tetrahydroxide 4 58:4 53.0 2.26 1,002.8 1,025.7 – 68,000 –

210 – – – 53.9 2.29 – 851.7 – – 197,000

220 Dihydroxide 2 58:5 55.5 2.36 968.8 991.8 – 185,000 –

230 Tetrahydroxide 4 58:4 55.6 2.37 1,002.8 1,025.7 – 80,000 –

240 Dihydroxide 2 54:6 57.4 2.44 910.7 933.7 – 242,000 –

250 Tetrahydroxide 4 58:4 57.5 2.45 1,002.8 1,025.7 – 94,000 –

260 Tetrahydroxide/monohydroxide 4/1 56:0/60:4 57.8 2.46 982.8 1,005.8 – 102,000 –

270 Dihydroxide 2 58:5 57.8 2.46 968.8 991.8 – 206,000 –

280 Dihydroxide 2 56:2 57.9 2.47 946.8 969.8 – 192,000 –

290 – – – 59.3 2.52 – 833.5 – – 122,000

300 Dihydroxide 2 54:6 59.7 2.54 910.7 933.7 – 267,000 –

310 Dihydroxide 2 54:5 59.7 2.54 912.7 935.7 – 590,000 –

320 Tetrahydroxide 4 54:3 59.7 2.54 948.8 971.7 – 387,000 –

330 Trihydroxide 3 58:4 59.7 2.54 986.8 1,009.8 – 336,000 –

340 Monohydroxide/trihydroxide 1/3 60:3/58:5 59.7 2.54 984.9 1,007.8 – 350,000 –

350 Dihydroxide 2 56:2 59.8 2.55 946.8 969.6 – 279,000 –

360 Monohydroxide/dihydroxide 1/2 58:4/60:2 60.0 2.56 1,002.8 1,025.8 – 67,000 –

370 Dihydroxide/tetrahydroxide 2/4 58:4/56:6 60.1 2.56 970.8 993.8 – 221,000 –

380 – – – 61.6 2.62 – 835.7 – – 538,000
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The developed HPLC–ELSD–ESI/MS method was

shown to be very useful in the survey of digestion processes

of glycerolipids present in an artificial digestion model. The

method was capable of separating free fatty acids, monoa-

cylglycerols, diacylglycerols and triacylglycerols and their

oxidized equivalents with adequate resolution and, in case

of MAG with good resolution, enabling the quantitation of

regioisomeric pairs of MAG. Compared to other total lipid

profiling techniques, such as capillary gas-liquid chroma-

tography with FID that require derivatization and sample

heating [44], this HPLC method has the advantage of

minimal sample degradation during analysis. Unprotected

hydroperoxy groups are known to isomerize and decompose

when heated to high temperatures [45]. Acid-catalyzed

methylation techniques have a tendency to isomerize con-

jugated diene structures and form artifacts [46]. On the

other hand, base-catalyzed transesterification is a milder

reaction, but cannot derivatize free fatty acids. Shotgun

lipidomics with time of flight (TOF) mass spectrometry

offers a different route to lipid profiling, but lacks the

Table 6 continued

Peak

no.

Postulated structures or

functional groups

Oxygen

atomsa
ACN:DBNb tR

(min)

RRTc Mmono

(Da)d
[M?23]?

(m/z)e
Abundance

Rapeseed

oil

Chemically

oxidized

oil

Oven

oxidized

oil

390 Dihydroxide 2 54:4 61.6 2.62 914.8 937.8 – 753,000 –

400 Tetrahydroxide/dihydroperoxide 4 54:2 61.6 2.62 950.8 973.1 – 380,000 –

410 Monohydroxide/trihydroxide 1/3 60:2/58:4 61.7 2.63 986.8 1,009.8 – 331,000 –

420 dihydroxide 2 54:6 61.8 2.63 910.7 933.7 – 288,000 –

430 Dihydroxide 2 54:5 61.9 2.63 912.7 935.7 – 575,900 –

440 Tetrahydroxide 4 56:1 61.9 2.64 948.8 971.8 – 438,000

450 Monohydroperoxide 2 54:5 62.4 2.65 912.7 935.7 – – 309,000

460 Dihydroxide 2 54:5 63.3 2.70 912.7 935.8 – 466,000 –

470 Dihydroxide 2 54:3 63.7 2.71 916.8 939.8 – 974,000 –

480 Monohydroperoxide 2 54:4 65.5 2.77 914.8 937.8 – – 515,000

490 Dihydroxide 2 54:3 65.0 2.78 916.8 939.8 – 362,000 –

500 Tetrahydroxide 4 54:1 66.1 2.82 952.8 975.8 – 270,000 –

510 Trihydroxide 3 54.4 66.1 2.82 930.8 953.7 – 365,000 –

520 Monohydroperoxide 2 54:3 66.2 2.81 916.8 939.8 – – 956,000

530 Dihydroxide/monohydroxide ? epoxide 2 54:3/54:2 66.3 2.82 916.8 939.7 – 608,170 –

540 Dihydroxide 2 52:0 66.2 2.82 894.8 917.8 – 327,000 –

550 Monohydroxide 1 56:1 67.9 2.89 932.8 955.8 – 1,312,500 –

560 Dihydroxide 2 52:0 67.9 2.89 894.8 917.8 – 780,000 –

570 Monohydroxide 1 54:6 68.0 2.90 894.8 917.8 – 774,000 34,000

580 Dihydroxide 2 52:0 68.1 2.90 894.8 917.8 – 744,000 –

590 Dihydroxide 2 54:2 68.4 2.91 918.8 941.8 – 818,000 –

600 Trihydroxide 3 54:2 69.7 2.97 934.8 957.8 – 1,797,000 –

610 Monohydroxide 1 54:5 69.7 2.97 896.7 919.7 – 1,248,000 –

620 Monohydroxide 1 54:5 70.0 2.98 896.7 919.9 – 1,696,000 2,67,000

630 Monohydroxide 1 54:4 71.3 3.04 898.8 921.9 – 1,630,000 968,000

640 Trihydroxide 3 54:1 71.3 3.04 936.8 959.8 – 2,770,000 –

650 Monohydroxide 1 54:3 73.1 3.11 900.8 923.8 – 768,000 766,000

660 Monohydroxide 1 54:2 75.4 3.21 902.8 925.8 – 181,000 64,000

Concentration of the oils injected 1.00 mg/mL (10 lL)
a Oxygen atoms added by oxidation
b Acyl carbon number: double bond number of fatty acid moieties
c Relative retention time to internal standard (12-hydroxystearic acid)
d Monoisotopic mass (calculated from the most abundant atom isotope masses)
e Measured mass of the most abundant ion
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separation specificity of liquid chromatography [47]. Ion

suppression can be a problem when performing a direct

infusion MS analysis. TLC–FID can be used for the quan-

titative assessment of FFA, MAG, DAG, and TAG species,

but the method lacks the specificity of liquid chromato-

graphic separation coupled with mass spectrometric detec-

tion [48].

The limitations of the developed method were sensi-

tivity and resolution between some close eluting peaks.

Even so, this method does offer a comprehensive view of

the molecular structures found in complex lipid samples. If

only sensitivity for known molecular species is sought,

then selected ion monitoring (SIM) could be used, as full

scan mass analysis from 150 to 1,100 m/z lowers the sen-

sitivity compared to a narrower mass window. The length

of single analysis is also a limiting factor. The chroma-

tography time of 90 min should be shortened to speed up

the analysis as a whole. Modern fast LC, UPLCTM and

similar ultra high performance LC methods offer the pos-

sibility of shortening the time needed for analysis and

a

b

c

Fig. 5 Full scan total ion MS

chromatograms of digested

rapeseed oil (a), digested oven-

oxidized rapeseed oil (b), and

digested chemically oxidized oil

(c). Analyzed as indicated in

experimental procedures. Refer

to Table 7 for peak numbering
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simultaneously maintaining or even enhancing resolution

and sensitivity. Combined full scan spectra after proper

chromatographic separation can produce fingerprint-like,

diagnostic profiles of different kinds of samples for such

uses as lipid oxidation monitoring, monitoring of lipolysis,

and other metabolomic and lipidomic studies. The HPLC

solvent gradient separation developed can easily be applied

to preparative HPLC to isolate and purify oxidized frac-

tions from different kinds of lipid samples. Nuclear mag-

netic resonance analysis of different fractions of digestion

products could provide accurate information on the struc-

tures of oxidized lipid molecules.
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Structural information organized by the SC components

is essential for knowing the detailed diffusion mechanisms

of SC. The role of the intercellular SC lipid bilayer in rela-

tion to the barrier function has been investigated by infrared

(IR) spectroscopy [7–9] and X-ray diffraction [10, 11]. IR

examination showed that the outer layers were less cohesive

and the intercellular lipids are disordered compared with the

deeper membrane, based on the C–H stretching absorbance

of the methyl groups of the lipid acyl chains. The effects

of UV irradiation and ethanol perturbations on the SC

organization were studied by FTIR and IR imaging micro-

spectroscopy. The X-ray approach is somewhat limited to

model lipid membranes containing water or in-vitro SC

specimens. Moreover, these methods are have difficulty to

obtain information about depth-related changes of the SC.

On the other hand, EPR is a sensitive and nondestructive

technique to measure the probe moieties in the lipid bilayers

at ambient temperature [1–6]. The EPR probe method can

provide an insight into the SC lipid organization as well as

its dynamics. Detailed studies of EPR line intensities,

linewidths, and line separations with various spin probes

may provide the following information: (1) changes in the

spin probe’s molecular environment as well as nano- to

micro-molar probe concentrations, (2) relative reorienta-

tion, and (3) lipid structure. The EPR spectroscopic tech-

nique could provide more interpretable information, which

would allow us to understand the actual SC system further.

In addition, the EPR simulation can potentially pro-

vide further insight into skin-lipid structures. The order

parameter (S0) of the spin probe will provide a useful index

about structural dependence as a function of the SC depth.

The value obtained by the simulation will change by the

signal intensity of the sebum secretion and other contri-

bution of SC materials. However, the relative value of the

particular SC sample as a function of the depth could

provide a useful index of the SC.

In this report, we investigated the lipid structure of

hairless mouse SC using aliphatic spin probes together with

an EPR slow-tumbling simulation. Hairless mouse SC was

used to find the spin-probe permeation effect of terpenes

on the SC lipid. EPR spectra were analyzed by a slow-

tumbling simulation. The values obtained for the lipid

structure are discussed in terms of EPR spectral changes as

well as the SC treated with chemical enhancers.

Experimental Sections

SC Cyanoacrylate Glue Stripping

The Institutional Animal Care and Use Committee of NIRS

(National Institute of Radiological Sciences) approved the

protocols used herein. The sampling method was first

utilized by Marks and Dawber [12] to obtain SC sheets.

Recently, Yagi et al. [5, 6] developed a process to study SC

properties.

A glass plate (7 9 37 mm; Matsunami Glass Ind. Ltd.,

Tokyo, Japan) was used to strip the SC sheet. A single drop

(*12 mg) of a commercially available cyanoacrylate resin

had been uniformly spread on the plate. The glass plate

was pasted on the back of the hairless mouse (HOS:HR-1,

8-week-old male). The SC specimens were successively

removed from the back of the hairless mouse under anes-

thesia. The SC was stripped consecutively from one to

three or four times. Approximately 1 mg of SC sample is

required for the measurements.

Once the glue has solidified, no significant signal arises

from the cured resin or from the spin probe dissolved in the

resin [13]. The only signal observed arises from the spin

probe in the attached SC sheet. This method has the

advantage of avoiding prior exposure of the SC to enzymes

[14]. The EPR signal intensity may depend to a slight

degree on how thick a sample is removed by each strip-

ping, but the dependence can be minimized by the amount

and area of glue on the glass plate.

Preparation of SC Sheets

The spin probe reagents, 5-doxylstearic acid (5-DSA) and

3b-doxyl-5a-cholestane (CHL), were purchased from

Aldrich-Sigma Chemical Co. Inc. and used as received.

The molecular structures and coordination of spin probes

used in this study of a slow-tumbling simulation are

depicted in Fig. 1.

The terpenes, a-terpineol and (?)-limonene, were

purchased from Sigma-Aldrich and used as received. The

original solution of a-terpineol and (?)-limonene were

separately applied on the back of the hairless mouse for

5 min and then the chemicals were wiped off. Then, one

piece of stripped SC (*7 9 22 mm2) was incubated in

*50 lM 5-DSA or CHL aqueous solutions for about

60 min at 37 �C. The probe solution was dropped onto

the SC sheet. The SC sheet repels the aqueous solution

but the probe goes into the lipid phase during the incu-

bation. After rinsing with deionized water to remove

excess spin probe, the SC sample was mounted on an

EPR cell. The detailed sample preparations are described

elsewhere [6].

EPR Measurements

A JEOL JES-FR30 X-band (9 GHz) EPR spectrometer was

used to measure the SC samples at NIRS and analyses of

EPR results were mainly performed by Nakagawa. Typi-

cal spectrometer settings were as follows: microwave

power, 10 mW; time constant, 1 s; sweep time, 8 min;
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modulation, 0.2 mT; sweep width, 15 mT. All measure-

ments were performed at ambient temperature. The EPR

spectra of the SC samples were analyzed using a quanti-

tative simulated order parameter (S0) [5, 6].

EPR Slow-Tumbling Simulation Analysis

The slow-tumbling motions on the order of 10-7 s of the

aliphatic spin probes in membranes were evaluated by

using the nonlinear least-squares fitting program NLLS to

calculate the EPR spectra based on the stochastic Liouville

equation [15, 16]. The lipid and 5-DSA molecules in the

lipid bilayer experience ordering potentials, which restrict

the amplitude of the rotational motion. The ordering

potential in a lipid bilayer determines the orientational

distribution of molecules with respect to the local ordering

axis of the bilayer [17]. The overall orientation of the probe

can be expressed by the order parameter (S0), which is

defined as follows [16, 18],

S0 ¼
1

2
3 cos2 c� 1
� �

� �

¼
R

dX exp �U=kTð ÞD2
00R

dX exp �U=kTð Þ ;

ð1Þ

which measures the angular extent of the rotational dif-

fusion of the nitroxide probe moiety. Gamma (c) is the

angle between the rotational diffusion symmetry axis and

the z-axis of the nitroxide axis system as shown in Fig. 2.

The X = (a, b, c) are the Euler angles between the

molecular frame of the rotational diffusion tensor, U is

the ordering potential, and D is a Winger rotation matrix

element.

In calculation based on the experimental spectra, the

following principal components, AXX, AYY, AZZ = (0.66,

0.55, 3.45) mT and gXX, gYY, gZZ = (2.0086, 2.0063,

2.0025), were used for 5-DSA [19]. The components, AXX,

AYY, AZZ = (0.49, 0.55, 3.31) mT and gXX, gYY, gZZ =

(2.0087, 2.0057, 2.0021), were used for CHL [20].

The local or microscopic ordering of the nitroxide probe

in the multilamellar lipid bilayer is characterized by the S0

value. A larger S0 value indicates highly ordered structure

and a smaller S0 shows less ordered structure. The modern

simulation takes into account EPR intensities, linewidths,

and hyperfine coupling values and provides the quantitative

information regarding the probe environment. Therefore,

S0-value reflects the local ordering of the lipid structure in

the membrane. The error of the spectral simulation is a few

percentage points in the case of the dipalmitoylpho-

sphatidylcholine membrane [17].

Results

First, we examined the probe stock solutions. Figure 3

shows EPR spectra of the probe aqueous solutions which

were used for incubation of SC sheets. The left-hand EPR

spectrum is of a 5-DSA solution and the right-hand

x

CHL5-DSA

N

O

OO
O

O
N O

z

x

Z (membrane)

z

Fig. 1 Coordination of the spin probes, 5-DSA and CHL, for the

slow-tumbling calculations are presented. The z-axis is the membrane

director

Z

x

yN

O

O

z

O

O

Bilayer Surface

γ

Fig. 2 A schematic representation of a conformation of DSA spin

probe in the SC membrane, where the z-axis of the acyl chain is

parallel to the z-axis of the nitrogen 2Pz orbital
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spectrum is of a CHL solution with reference signals for

MnO2? (8.69 mT at the distance of the third and the forth

peaks). The three-line signal of the 5-DSA aqueous solu-

tion was observed. The sharp pattern indicates that 5-DSA

is in free tumbling motion in the solution. The one-line

signal was observed for CHL aqueous solution.

Figure 4 shows the experimental and simulated EPR

spectra of 5-DSA in the SC. The EPR spectra obtained

were very stable. The arrow in the spectrum indicates the

characteristic peak, which is prominent for the first strip.

This peak diminishes in intensity with increasing depth in

the SC. It is noteworthy that one can observe the same

signal intensity and line-shape at least few hours. The

probe may be stable in the lipid bilayer of SC. The top

spectrum is the first strip of the SC.

The marked peak appears near the center of the spec-

trum because the probe embedded in the first sample

stripped has greater freedom of motion. The other two lines

of the nitroxide probe overlaid the central region of the

spectrum. The results imply that signals can originate from

sebaceous secretion [6].

Next, we examined the effect of penetration enhancers

(terpenes) on the SC lipid. Figure 5 presents the chemical

structures of the terpenes, (?)-limonene, and a-terpineol.

Figure 6 shows EPR spectra of a terpineol treated SC sheet

as a function of depth. The spectra indicate the first and the

third stripped SC treated with terpineol. The EPR intensity

was very prominent for the first one. The signal intensity of

the third stripped SC is a little smaller than that of the first

strip.

In addition, we examined the spin probe CHL. Figure 7

shows EPR spectra of CHL from the hairless mouse SC. A

relatively broad signal pattern was obtained. The spectral

pattern for the second strip was very similar to that of the

first strip, except for the intensity. The amplitude of the

derivative spectrum for the second strip was about one-half

of the amplitude of the first strip.

(A) (B)5-DSA CHL

2 mT

Mn2+ 

Mn2+

Mn2+

Mn2+ 

Fig. 3 EPR spectra of spin

probes, a 5-DSA and b CHL,

aqueous stock solutions are

presented. The EPR spectra

were obtained with a single scan

# 1

Control

2 mT

# 3

Fig. 4 Experimental (solid line) and simulated (dashed line) EPR

spectra of 5-DSA probe are shown. Stripping numbers show

consecutively stripped SC from the surface downwards. The arrow
of stripping number 1 indicates the characteristic peak. The EPR

spectra were obtained with the single scan. The y-axes for both

spectra range from -800 to ?1,200
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Discussion

Changes in the lipid structural ordering (S0) of SC can be

monitored using the aliphatic probes. The orientation of the

spin probe reflects the local molecular environment and the

ordering should serve as indicator of conformational

changes in the lipid bilayers of the SC. The higher value of

the ordering indicates the rigid structure of the SC lipid.

The asymmetric spectral pattern for 5-DSA suggests that

5-DSA is immobile in the SC. The reasonable agreement

between the experimental and simulated spectra was

obtained as shown in Fig. 4. The simulated S0 values for

the first and third stripped SC were 0.20 and 0.56,

respectively. The reasonable agreement suggests that sim-

ulation analysis can provide information regarding the

quantitative ordering structure of the SC lipids. It is noted

that the deviation of the simulated spectrum from the

observed spectrum may affect the S0 value.

One can calculate the angle (c in Eq. 1 and Fig. 2)

between the rotational diffusion symmetry axis (the lipid

in SC) and the z-axis of the nitroxide axis system [21].

Figure 8 represents the schematic illustration of the bilayer

distance in relation to the angle. The simulated S0 value of

0.20 can be the angle of 69�. The value of 0.55 is the angle

of 33�. The angle suggests that the lipids align nearly 33� to

the bilayer surface (Fig. 8). Thus, the distance within the

bilayer will change because of the S0 change.

α−terpineol

CH3

C OH

CH3

H3C

(+)-limonene

CH2

CH3

C
H3C

Fig. 5 Chemical structures of the terpenes used in this investigation

# 1 Stripping

2 mT

# 3 

Fig. 6 Experimental (solid line) and simulated (dashed line) EPR

spectra of 5-DSA probe for SC treated with a-terpineol are presented.

Stripping numbers show consecutively stripped SC from the surface

downwards. The y-axes for both spectra range from -2,000 to

?2,000

# 1

# 2

2 mT

Fig. 7 Experimental (solid line) and simulated (dashed line) EPR

spectra of CHL probe are presented. Stripping numbers show

consecutively stripped SC from the surface downwards. The y-axes

for both spectra range from -1,500 to ?1,500
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Figure 9 shows a comparison of EPR spectra for control,

limonene, and terpineol. The spectra were the first strip.

The signal intensity of limonene treated SC is *1.8 times

stronger than that of the control. The signal intensity of

terpineol treated SC is *3.0 times stronger than that of the

control. There is significant 5-DSA permeation effect of

terpineol on the SC. In the 5-DSA case, the EPR intensity

is proportional to the 5-DSA concentration in the SC

because of the same EPR linewidth. Thus, the present

results suggest that the a-terpineol having an OH-group is

more effectively incorporated into the SC lipid than that of

limonene.

The simulated S0 values for the first and the second strip

(Fig. 6) were 0.81 and 0.80, respectively. The value for the

first one is high even though the discrepancy between the

experimental base line and simulated base line. Moreover,

the amplitude of the derivative spectrum for the first strip was

about two times stronger than that of the third strip (Fig. 6).

The permeation of 5-DSA in SC was significant for the first

strip. It was also suggested that 5-DSA penetrated the lipids

of SC with other penetration enhancers [22]. The EPR

spectra were drastically changed by the application of

laurocapram in SC after 5–6 h [22] (laurocapram is an

unfamiliar chemical in Japan. It was not available commer-

cially at the time of the experiments). The present EPR

results showed that EPR intensities increased within 5 min

after application of the terpenes.

For CHL, the broad signal without detailed hyperfine

splitting was observed. The dotted line is the slow-tumbling

simulation of the observed spectra. There is a clear differ-

ence between the observed and simulated spectra. The

simulated value (e.g. S0 * 0.3) may not be reliable because

of the discrepancy. The three-line pattern suggests that CHL

is probably mobile in the SC.

Moreover, the three-line pattern (the three-line stick

spectrum) and the weak outer side peaks were obtained for

terpineol treated SC as shown in Fig. 10. The simulation

discrepancy and the EPR signal for the terpineol were very

different from the results of 5-DSA. Thus, EPR results imply

that CHL probe may locate in different parts of the SC.

Simulated value
S0 = 0.55 (γ

γ
= 33 º)

Bilayer
distance

Lipid
phase

Fig. 8 Schematic illustration of the SC lipid bilayer is presented. The

value of simulated order parameter (S0) related to the angle (c)

between the bilayer surface and the single-chain probe is shown

Control

Limonene

Terpineol

5 mT

Fig. 9 A comparison of 5-DSA EPR spectra for control, limonene

treated, and a-terpineol treated SC is presented. The EPR spectra were

obtained for the first stripping of the SC

# 1

2 mT

#1

2 mT

Control TerpineolFig. 10 A comparison of EPR

spectra of CHL probe for

control (left side) and

a-terpineol treated SC (right
side) is shown. The EPR spectra

were the first stripping. The

three-line stick spectrum

indicates the signals due to the

fast motion of the probe. The

y-axis for control ranges from

-1,500 to ?1,500. The y-axis

for terpineol ranges from -500

to ?500
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Finally, we made the quantitative evaluation of the

effect of terpenes on intercellular lipid structure in SC as a

function of skin depth. EPR along with a modern compu-

tational analysis provides structural changes of the SC. It

was found that a-terpineol significantly enhanced the per-

meation of the 5-DSA in the SC. Moreover, the bulky CHL

molecule showed a quite different behavior to that of

5-DSA in the SC. Therefore, the EPR technique could in

turn provide more comprehensive information, which

would further the understanding of various SC states. The

present results could be useful for percutaneous absorption

of drugs.

Acknowledgments Part of this research was supported by a Grant-

in-Aid for Scientific Research (C) (21500410) from JSPS (K.N.).

References

1. Kawasaki Y, Quan D, Sakamoto K, Cooke R, Maibach HI (1999)

Influence of surfactant mixtures on intercellular lipid fluidity and

skin barrier function. Skin Res Technol 5:96–101

2. Mizushima J, Kawasaki Y, Tabohashi T, Maibach HI (2000)

Effect of surfactants on human stratum corneum: electron para-

magnetic resonance. Int J Pharm 197:193–202

3. Alonso A, Meirelles NC, Yushmanov VE et al (1996) Water

increases the fluidity of intercellular membranes of stratum cor-

neum: correlation with water permeability, elastic and electrical

resistance properties. J Invest Dermatol 106:1058–1063

4. Kitagawa S, Ikarashi A (2001) Analysis of electron spin reso-

nance spectra of alkyl spin labels in excised guinea pig dorsal

skin, its stratum corneum, delipidized skin and stratum corneum

model lipid liposomes. Chem Pharm Bull 49:165–168

5. Nakagawa K, Mizushima J, Takino Y, Kawashima T, Maibach

HI (2006) Chain ordering of stratum corneum lipids investigated

by EPR slow-tumbling simulation. Spectrochim Acta A Mol

Biomol Spectrosc 63:816–820

6. Yagi E, Sakamoto K, Nakagawa K (2007) Depth dependence of

stratum corneum lipid ordering: a slow-tumbling simulation for

electron paramagnetic resonance. J Invest Dermatol 127:895–899

7. Bommannan D, Potts RO, Guy RH (1990) Examination of stra-

tum corneum barrier function in vivo by infrared spectroscopy.

J Invest Dermatol 95:403–408

8. Zhang G, Moore DJ, Mendelsohn R, Flach CR (2006) Vibrational

microspectroscopy and imaging of molecular composition and

structure during human corneocytes maturation. J Invest Der-

matol 126:1088–1094

9. Merle C, Baillet-Guffroy A (2009) Physical and chemical per-

turbations of the supramolecular organization of the stratum

corneum lipids: In vitro to ex vivo study. Biochim Biophys Acta

1788:1092–1098

10. Cornwell PA, Barry BW, Bouwstra JA, Gooris GS (1996) Modes

of action of terpene penetration enhancers in human skin; dif-

ferential scanning calorimetry, small-angle X-ray diffraction and

enhancer uptake studies. Int J Pharm 127:9–26

11. Pilgram GSK, Engelsma-Van Pelt AM, Bouwstra JA, Koerten

HK (1999) Electron diffraction provides new information on

human stratum corneum lipid organization studied in relation to

depth and temperature. J Invest Dermatol 113:403–409

12. Marks R, Dawber RP (1971) Skin surface biopsy: an improved

technique for the examination of the horny layer. Br J Dermatol

84:117–123

13. Yagi E, Nakagawa K, Sakamoto K (2008) Establishment of ex

vivo stratum corneum lipid ordering analysis by electron spin

resonance. J Soc Cosmet Chem Jpn 42:231–236

14. Hou SY, Rehfeld SJ, Plachy WZ (1991) X-ray diffraction and

electron paramagnetic resonance spectroscopy of mammalian

stratum corneum lipid domains. In: Elias PM (ed) Advances in

lipids research, vol 24. Academic Press, New York, pp 141–171

15. Schneider DJ, Freed JH (1989) Calculating slow motional mag-

netic resonance spectra. In: Berliner LJ, Reuben J (eds.) Biolog-

ical magnetic resonance, vol 8. Plenum Press, New York, pp 1–76

16. Budil DE, Lee S, Saxena S, Freed JH (1996) Nonlinear-least-

squares analysis of slow-motion EPR spectra in one and two

dimensions using a modified Levenberg–Marquardt algorithm.

J Magn Reson Ser A 120:155–189

17. Ge M, Freed JH (1998) Polarity profiles in oriented and dispersed

phosphatidylcholine bilayers are different: an ESR study. Bio-

phys J 74:910–917

18. Crepeau RH, Saxena S, Lee S, Patyal BR, Freed JH (1994)

Studies on lipid membranes by two-dimensional Fourier trans-

form ESR: enhancement of resolution to ordering and dynamics.

Biophys J 66:1489–1504

19. Ge M, Rananavare SB, Freed JH (1990) ESR studies of stearic

acid binding to bovine serum albumin. Biochim Biophys Acta

1036:228–326

20. Barnes JP, Freed JH (1998) Dynamics and ordering in mixed

model membranes of dimyristoylphosphatidylcholine and

dimyristoylphosphatidylserine: a 250-GHz electron spin reso-

nance study using cholestane. Biophys J 75:2532–2546

21. Nakagawa K (2010) Electron paramagnetic resonance investi-

gation of stratum corneum lipid structure. Lipids 45:91–96

22. Quan D, Maibach HI (1994) An electron paramagnetic resonance

study. I. Effect of Azone on 5-doxyl stearic acid-labeled human

stratum corneum. Int J Pharm 104:61–72

Lipids (2010) 45:1081–1087 1087

123



GbL G protein b subunit-like protein also

known as mLST8

GLUT 4 Glucose transporter 4

IRS Insulin receptor substrate

LKB Tumor suppressor protein

LPAAT Lysophosphatidic acid acyl transferase

MEFs Mouse embryonic fibroblasts

MGL Monoacylglycerol lipase

mTOR Mammalian target of rapamycin (TOR)

mTOR P-S2481 mTOR phosphorylated on serine 2481

mTORC1 Mammalian target of rapamycin

complex 1

mTORC2 Mammalian target of rapamycin

complex 2

NCS Newborn calf serum

NEFA Nonesterified fatty acids

RAPA Rapamycin

Raptor Regulatory associated protein of

mammalian target of rapamycin

Rheb Ras homolog enriched in brain

Rictor Rapamycin-insensitive companion of

mTOR

RII Regulatory subunit II of PKA

TOS TOR signaling motif

PA Phosphatidic acid

PDE Phosphodiesterase

PLD Phospholipase D

PI3K Phosphatidylinositol 3-OH kinase

Pol I Polymerase I

PKA Protein kinase A

PKB/AKT Protein kinase B

PPAR c Peroxisome proliferator-activated

receptor-c
PTEN Phosphatase and tensin homologue

deleted on chromosome 10

S6K1 p70 ribosomal protein S6 kinase 1

S6K1 P-T389 S6K1 phosphorylated on threonine 389

TAG Triacylglycerol

TSC Tuberous sclerosis complex

VLDL Very low density lipoprotein

Introduction

The mammalian target of rapamycin (mTOR), an evolu-

tionarily conserved Ser/Thr protein kinase, coordinates a

signal transduction network that controls a plethora of

fundamental cellular functions [1–3]. mTOR forms the

catalytic core of at least two functionally distinct signaling

complexes, mTOR complex 1 (mTORC1) and mTOR

complex 2 (mTORC2) [3]. The better-understood complex,

mTORC1, functions as an environmental sensor to promote

anabolic cellular processes such as ribosomal gene tran-

scription, protein synthesis, lipid synthesis, cell growth/

size, and cell proliferation in response to sufficient levels of

growth factors, nutrients, and hormones [2, 3]. Conversely,

adverse cellular conditions rapidly downregulate mTORC1

signaling to promote catabolic functions such as autophagy

[4]. mTORC1 and mTORC2 contain shared and unique

partner proteins, possess unique cellular functions, and

exhibit differing sensitivities to rapamycin, a clinically

employed immunosuppressive drug [3]. Rapamycin (clin-

ically known as sirolimus) associates with a cellular protein

called FKBP12 [5]. Upon entering the cell, the rapamycin/

FKBP12 complex directly binds to the mTOR FRB

(FKBP12-rapamycin binding) domain, which lies imme-

diately N-terminal to the kinase domain [5]. Rapamycin/

FKBP12 binds assembled mTORC1 but not assembled

mTORC2 [5]. Thus, rapamycin acutely inhibits mTORC1

but not mTORC2 signaling. While the mechanisms by

which rapamycin allosterically inhibits mTORC1 signaling

remain incompletely defined, the drug reduces the affinity

between mTOR and raptor, a critical mTORC1 partner

protein [5, 6]. Additionally, rapamycin reduces mTORC1

intrinsic kinase activity, as monitored by mTOR S2481

autophosphorylation [7]. The use of rapamycin in clinical

medicine underscores the importance of mTORC1 for

organismal physiology. Not only does rapamycin reduce

organ transplant rejection [8], it reduces the intimal

de-differentiation and hyperplasia of vascular smooth muscle

cells that often follows coronary artery stent restenosis [9].

Strikingly, rapamycin extends rodent lifespan [10]. Rapa-

mycin analogs and second-generation mTOR catalytic

inhibitors also hold therapeutic promise as anti-cancer

agents [5].

Rapamycin administration incurs adverse side effects,

however. Various clinical trials have documented the

development of hypertriglyceridemia or hypercholesterol-

emia in renal, hepatic, cardiac, and islet transplant patients

[11, 12]. Additionally, rapamycin has also been shown to

elevate serum free fatty acid (FFA) levels and induce

glucose intolerance [13] in transplant patients as well as in

mice lacking the mTORC1 downstream target S6K1 [14].

Clinical trials have also documented the occurrence of

hyperlipidemia upon the administration of the rapamycin

analog CCI-779 (also known as temsirolimus; Wyeth) in

the treatment of metastatic melanoma and glioblastoma

multiforme [15]. Consistent with rapamycin increasing

levels of circulating FFAs and inducing hyperlipidemia,

mice lacking S6K1 globally or lacking raptor in adipose are

lean with reduced adipose mass and exhibit resistance to

diet-induced obesity [14]. Thus, mTORC1 inhibition

induced by pharmacological or genetic ablation disrupts

lipid homeostasis in vivo.
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In this study we set out to better understand how

mTORC1 signaling impacts lipid metabolism in cultured

adipocytes. Adipose tissue, once considered an inert energy

storage depot, is now recognized as an important metabolic

and endocrine organ that coordinates energy intake and

expenditure critical for energy homeostasis [16]. Adipose

tissue removes glucose from the circulation (via the action

of the insulin-responsive glucose transporter GLUT4) and

stores surplus energy in the form of triacylglycerol (TAG)

within lipid droplets. The tissue releases energy as needed

via the action of lipolysis, the process by which enzymes

known as lipases break down TAG into FFA and glycerol,

which are then released into the circulation. Diverse

extracellular stimuli regulate lipolysis. Catecholamines

(e.g., epinephrine) and glucocorticoids (e.g., cortisol) pro-

mote lipolysis while insulin and FFA themselves suppress

lipolysis [17]. Starvation or stress triggers the release of

catecholamines, which promote lipolysis by activating G

protein-coupled adrenergic receptors that activate adenyl-

ate cyclase (AC), which lead to increased production of

cAMP and activation of protein kinase A (PKA). Several

laboratories have established that PKA phosphorylates two

lipolytic proteins, perilipin and hormone sensitive lipase

(HSL) [18]. Perilipin functions as a master regulator of

lipolysis [19, 20]. Under basal conditions, perilipin coats

and protects lipid storage droplets. Upon agonist stimula-

tion, PKA phosphorylates perilipin A, which induces a

conformational change in the perilipin coating that enables

the recruitment of HSL from the cytoplasm to the surface

of the lipid droplet [21, 22]. Indeed, perilipin knockout

mice have reduced adipose tissue mass and exhibit elevated

basal lipolysis with resistance to b-adrenergic-stimulated

lipolysis; moreover, the mice display resistance to diet-

induced and genetic obesity [18, 22–24].

Our previous work demonstrated that rapamycin

administration induces hypertriglyceridemia in organ

transplant patients [11], and increases TAG and plasma

FFA in guinea pigs [25]. Here, we test the hypothesis that

rapamycin promotes TAG lipolysis in cultured murine

3T3-L1 adipocytes. We found that inhibition of mTORC1

signaling with rapamycin augments lipolysis promoted by

the b-adrenergic agonist isoproterenol without augmenting

cellular cAMP levels. Additionally, we found that rapa-

mycin enhances isoproterenol-induced phosphorylation of

HSL. These data indicate that mTORC1 inhibition syn-

ergizes with the PKA pathway to promote lipolysis by

modulating HSL function. Improved understanding of

how mTORC1 inhibition promotes lipolysis to disrupt

lipid metabolism may assist clinicians in the future to

better handle the deleterious side effects incurred by

therapeutic rapamycin treatment during immunosuppres-

sion, cancer chemotherapy, or following coronary artery

angioplasty.

Experimental Procedures

Materials

Reagents were obtained from the following sources:

CHAPS (3-[(3-cholamidopropyl)- dimethylammonio]-1-

propanesulfonate) was from Pierce (Rockford, IL, USA);

nitrocellulose membrane (0.45 microns) was from Schlei-

cher and Schuell Bioscience Inc. (Keene, NH, USA);

autoradiography film (HyBlot CL) was from Denville

Scientific Inc. (Metuchen, NJ, USA); reagents for enhanced

chemiluminescence (ECL) (Immobilon Western-Chemilu-

minescent HRP Substrate) were from Upstate/Millipore

(Billerica, MA, USA); all standard chemicals were from

either Fisher Chemicals (Pittsburgh, PA, USA), Calbio-

chem/EMD Chemicals (Gibbstown, NJ, USA), or Sigma-

Aldrich (St. Louis, MI, USA).

Antibodies

The following antibodies were purchased from Cell Sig-

naling Technology (Danvers, MA, USA): P-S6K1-T389

(rabbit monoclonal 108D2); P-mTOR-S2481, HSL, ATGL,

MGL. The perilipin antibody was from Chemicon/Milli-

pore (Billerica, MA, USA) (#AB10200), and the b-actin

monoclonal antibody was from Sigma-Aldrich (St. Louis,

MI, USA). Antibodies to detect the phosphorylation of

PKA on its regulatory subunits RIIa (S96) and RIIb (S114)

were from Upstate/Millipore (Billerica, MA, USA). Cus-

tom, affinity-purified anti-peptide antibodies against

mTOR and S6K1 were generated in rabbits, as described

[7]. Sheep anti-mouse antibodies and donkey anti-rabbit

HRP secondary antibodies were from GE-Healthcare

(Piscataway, NJ, USA).

Differentiation of 3T3-L1 Fibroblasts into Adipocytes

3T3-L1 fibroblasts (kindly provided by Dr. Ormond Mac-

Dougald; University of Michigan Medical School) were

cultured in Dulbecco’s Modified Eagle Medium (DMEM)

that contained high glucose (4.5 g/L), glutamine (584 mg/

L), and sodium pyruvate (110 mg/L) supplemented with

10% newborn calf serum (NCS) (Gibco/Invitrogen;

Carlsbad, CA, USA) and maintained at 37 �C in 5% CO2.

3T3-L1 fibroblasts were differentiated into adipocytes by a

standard protocol. Briefly, differentiation was induced 2

days post confluency by the addition of DMEM containing

10% fetal bovine serum (FBS) (Hyclone) and dexametha-

sone (1 lM) (Sigma-Aldrich; St. Louis, MO, USA),

3-isobutyl-1-methylxanthine IBMX (0.5 mM) (Sigma-

Aldrich; St. Louis, MI, USA) and insulin (100 nM) (Gibco/

Invitrogen; Carlsbad, CA, USA) for 2 days. The cells were

further incubated with DMEM/FBS supplemented with
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insulin for an additional 2 days. Fully differentiated adi-

pocytes were maintained in DMEM/FBS at 37 �C in a

humidified atmosphere containing 5% CO2 and used 9–14

days after the initiation of differentiation.

Cell Culture, Drug Treatment, Cell Lysis and Western

Immunoblotting

3T3-L1 adipocytes were serum deprived for 20 h via

incubation in DMEM supplemented with 20 mM Hepes

(pH 7.2). Following serum deprivation, adipocytes were

drug treated for 30 min by the addition of rapamycin

(20 ng/mL) (22 nM) (Calbiochem/EMD Chemicals; Gib-

bstown, NJ, USA), or wortmannin (100 nM) (Upstate/

Millipore; Billerica, MA, USA) prior to the addition of the

b-adrenergic agonist isoproterenol (10 lM) (Chemicon/

Millipore; Billerica, MA, USA) unless indicated otherwise,

insulin (100 nM) (Invitrogen; Carlsbad, CA, USA), or both

for 30 min. For cell lysis, adipocytes were washed 29 with

ice cold PBS [pH 7.4] and collected in ice cold lysis Buffer

A (10 mM KPO4 [pH 7.2]; 1 mM EDTA; 5 mM EGTA;

10 mM MgCl2; 50 mM b-glycerophosphate; 1 mM sodium

orthovanadate (Na3VO4); 5 lg/mL pepstatin A; 10 lg/mL

leupeptin; 40 lg/mL PMSF) containing the detergent

CHAPS (0.3%). Lysates were spun at 13,200 rpm for

5 min at 4 �C, and the post-nuclear supernatants were

collected. Bradford assay was used to normalize protein

levels for the measurement of triacylglycerol content,

lipolysis, cAMP levels, and Western immunoblot analyses.

For immunoblots, whole cell lysates were resuspended in

19 sample buffer (50 mM Tris–HCl pH 6.8, 10% glycerol,

2% SDS, 2% b-mercaptoethanol, 0.02% bromophenol

blue). Samples were heated at 95 �C for 5 min, resolved on

SDS–PAGE gels, and transferred to nitrocellulose mem-

brane using Towbin transfer buffer (25 mM Tris; 192 mM

glycine; 10% methanol; 0.02% SDS). Immunoblotting was

performed by blocking membranes in TBST (40 mM Tris–

HCl pH 7.5; 0.9% NaCl; 0.1% Tween-20) containing 3%

nonfat milk and incubating the membranes in TBST with

2% BSA containing primary antibodies or secondary HRP-

conjugated antibodies. Blots were developed by enhanced

chemiluminescence (ECL).

Measurement of Cellular Triacylglycerol Content

Adipocyte triacylglycerol concentrations were measured by

enzymatic methods following manufacturer instructions

(Wako Chemicals, Inc.; Richmond, VA, USA) following

cellular lysis and normalization of protein content. Briefly,

samples and a set of triolein standards were incubated with

triacylglycerol reagent A at 37 �C for 5 min followed by

addition of triacylglycerol reagent B for 5 min at 37 �C.

The colorimetric reaction was then measured at wavelength

590 nm and expressed as mg/mg protein.

Lipolysis Assays

Following serum deprivation and drug treatment, differ-

entiated 3T3-L1 adipocytes were stimulated with isopro-

terenol for either 1 h or 4 h, as indicated in the figure

legends. The media was collected and analyzed for free

fatty acid release in the culture media using a NEFA C

assay (Wako Chemicals; Richmond, VA, USA) and read

by a spectrophotometer at wavelength 540 nm. Free fatty

acid release was measured in millimole per microgram

protein (mmol/ug) and expressed as relative free fatty acid

percent. Glycerol release in the media was measured by

colorimetric assay at wavelength 540 nm using a Chem-

icon lipolysis kit, following the manufacturer’s instructions

(Chemicon/Millipore; Billerica, MA, USA).

Measurement of Cellular cAMP Levels

Following serum deprivation, drug treatment, and isopro-

terenol stimulation, cAMP levels were measured using a

HitHunter cAMP EFC (enzyme fragment complementa-

tion) assay (Amersham/GE-Healthcare; Piscataway, NJ,

USA) following the manufacturer’s instructions. All sam-

ples and standards were run in triplicates, and lumines-

cence was detected using a multimode microplate reader

(PerkinElmer, VICTOR 3; Waltham, MA, USA).

Statistics

ANOVA (Analysis of Variance) was used to determine

overall statistical significance among various treatment

groups. If significance was achieved at P \ 0.05, then post-

hoc secondary LSD (Least Significant Difference) tests

were performed.

Results

Insulin-Mediated Activation of mTORC1 Promotes

Triacylglycerol Accumulation in 3T3-L1 Adipocytes

To determine whether mTORC1 signaling controls triac-

ylglycerol (TAG) content in adipocytes, we differentiated

3T3-L1 fibroblasts into adipocytes and treated them with

insulin in the absence or presence of rapamycin for 18 h

after a period of serum deprivation. As expected, chronic

insulin treatment promoted triacylglycerol storage

(Fig. 1a). We found that rapamycin treatment reduced

insulin-stimulated TAG accumulation *50% in a statisti-

cally significant manner (P \ 0.05), thus demonstrating
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that mTORC1 signaling is required for insulin-stimulated

TAG storage. To confirm that insulin mediated the acti-

vation of mTORC1 and downstream signaling in a rapa-

mycin-sensitive manner in this experiment, we

immunoblotted whole cell lysates with mTOR P-S2481 and

S6K1 P-T389 antibodies (Fig. 1b). Upon activation, mTOR

autophosphorylates on S2481; thus, mTOR P-S2481

immunoblotting monitors intrinsic mTOR catalytic activity

[7]. Activated mTORC1 then directly phosphorylates S6K1

on T389 [26]; thus, S6K1 P-T389 immunoblotting moni-

tors mTORC1 downstream signaling. As rapamycin

inhibited insulin-stimulated autophosphorylation of mTOR

on S2481 and the phosphorylation of S6K1 on T389, these

data indicate that rapamycin indeed inhibited the insulin-

stimulated activation of mTORC1.

Rapamycin Augments b-Adrenergic-Stimulated

Lipolysis in 3T3-L1 Adipocytes

As we found that rapamycin-mediated inhibition of

mTORC1 signaling reduces cellular TAG content, we next

asked whether rapamycin reduces TAG content by pro-

moting lipolytic rate. As the insulin/PI3K pathway pro-

motes mTORC1 signaling and also suppresses lipolysis (via

Akt-mediated activation of phosphodiesterase [PDE], an

enzyme that hydrolyzes cAMP to AMP) [27], we measured

adipocyte lipolysis in the absence of serum growth factors

in order to study lipolysis independently of PDE action. To

stimulate lipolysis, we employed the catecholamine iso-

proterenol, a synthetic b2-adrenergic agonist. By treating

serum deprived 3T3-L1 adipocytes with isoproterenol in the

absence or presence of rapamycin, we found that inhibition

of mTORC1 signaling augments isoproterenol stimulated

lipolysis in a statistically significant manner, as measured

by the release of FFA (Fig. 2a) into the cell culture media

after 1 h of incubation. Based on our preliminary kinetic

data (data not shown) as well as reported literature [28], a

1-h time point was optimal for measurements of glycerol

release (Fig. 2b) while a 4-h time point was optimal for

measurements of FFA release. We thus next measured FFA

release utilizing a 4-h time point to determine whether

mTORC1 inhibition with rapamycin augments basal lipol-

ysis, whether insulin suppresses isoproterenol-stimulated

lipolysis, and whether mTORC1 inhibition using the PI3K

inhibitor wortmannin augments isoproterenol-stimulated

lipolysis (similar to rapamycin). We found that rapamycin

had no effect on basal lipolysis after 4 h of incubation,

while, insulin indeed suppressed isoproterenol-stimulated

lipolysis, as expected (Fig. 2c). Interestingly, mTORC1

inhibition with rapamycin rescued the suppression of

lipolysis caused by insulin, suggesting a novel role for

mTORC1 in suppression of lipolysis via the insulin/Akt/

PDE pathway (Fig. 2c). Similar to rapamycin, wortmannin

treatment augmented isoproterenol-stimulated lipolysis,

suggesting a novel role for PI3K as well as mTORC1 in

suppression of lipolysis (Fig. 2c). The finding that inhibi-

tion of PI3K with wortmannin phenocopies rapamycin

treatment to augment isoproterenol-stimulated lipolysis is

consistent with the well-known regulation of mTORC1 by

PI3K [3]. These data suggest that the PI3K/mTORC1

pathway mediates lipolytic suppression.

Rapamycin Does Not Modulate Cellular cAMP Levels

To begin to understand the mechanism by which mTORC1

inhibition augments isoproterenol-stimulated lipolysis, we

Fig. 1 Insulin-stimulated triacylglycerol (TAG) accumulation in

3T3-L1 adipocytes requires mTORC1 signaling. a 3T3-L1 adipocytes

were serum-deprived for 20 h (Control) and then pre-treated without

or with rapamycin (20 ng/mL) for 30 min. Cells were stimulated

without (Control) or with insulin (INS) (100 nM) in the absence

(R) or continued presence of rapamycin (R ? INS) for 18 h. Whole

cell lysates were analyzed for triacylglycerol content (mg/mg protein)

via a colorimetric assay (see ‘‘Experimental Procedures’’) after

normalization for protein content. The graph represents the

mean ± SD of triplicate samples from one experiment but is

representative of three independent experiments; thus, each bar
represents n = 3. Differences between treatment groups were

analyzed using ANOVA, and differences were considered statistically

different at a level of 0.05. Bars with different letters are statistically

significant. b The whole cell lysates analyzed in (a) were resolved on

SDS–PAGE and immunoblotted with the indicated antibodies to

confirm the expected activation and/or inhibition of mTORC1

signaling
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determined whether rapamycin augments isoproterenol-

stimulated production of cAMP. Studies in yeast have

shown that TOR may function upstream of PKA [29], thus

lending support to such a hypothesis. We thus measured

cellular levels of cAMP in adipocytes stimulated with

isoproterenol in the absence or presence of rapamycin for

15 min (Fig. 3a) and 30 min (Fig. 3b). We found that

rapamycin treatment had no effect on cAMP levels during

basal or catecholamine-stimulated lipolysis. Thus, these

data suggest that mTORC1 inhibition does not augment

catecholamine-stimulated lipolysis by leading to increased

levels of cAMP.

Rapamycin Does Not Affect PKA Phosphorylation

To begin to study the regulation of PKA activity in intact

cells, we investigated the phosphorylation of PKA on its

regulatory subunits, RIIa (S96) and RIIb (S114), utilizing

phospho-specific antibodies. Studies have shown that

autophosphorylation of S96 on the regulatory subunit RIIa
promotes local PKA activity in cardiac muscle [30].

Additionally, point mutation of the S114 autophosphory-

lation site on RIIb has been shown to block the nuclear

localization of PKA and to inhibit PKA function in T cells

both in vitro [31] and in vivo [32]. We found that isopro-

terenol-stimulated PKA phosphorylation on regulatory

subunit RIIa (S96) or regulatory subunit RIIb (S114) was

not altered by rapamycin treatment at various isoproterenol

concentrations (Fig. 4a). While by no means conclusive,

these data suggest that mTORC1 inhibition may promote

isoproterenol-stimulated lipolysis downstream of PKA.

Alternatively, it remains possible that mTORC1 inhibition

inhibits PKA activity via a mechanism independent of

regulatory subunit phosphorylation.

Rapamycin Modestly Augments the Phosphorylation

of HSL

To determine whether PKA signaling and mTORC1 inhi-

bition synergistically modulate the activation state of

lipolytic targets, we assayed the phosphorylation of two

well known PKA dependent targets, hormone sensitive

lipase (HSL) and perilipin. In response to starvation and

stress, catecholamine induced activation of the cAMP/PKA

pathway leads to PKA-mediated phosphorylation of both

perilipin and HSL [23]. PKA-induced phosphorylation of

perilipin on at least 6 sites triggers a conformational change

Fig. 2 Inhibition of mTORC1 with rapamycin augments b-adrener-

gic-activated lipolysis in 3T3-L1 adipocytes. a, b 3T3-L1 adipocytes

were serum-deprived for 20 h and then pre-treated without or with

rapamycin (R) (20 ng/mL) for 30 min. Cells were then incubated in

the absence (Basal) or presence of isoproterenol (Iso) (10 lM) for 1 h

in the absence or continued presence of rapamycin (Iso ? R).

Relative free fatty acid (FFA) release was measured in (a) and

relative glycerol release was measured in (b). In graphs (a, b) each

bar represents the mean value ± SD of 5 samples from three

independent experiments; thus, each bar represents n = 5. The value

from cells treated with Iso alone was set to 100%, and all other values

were normalized to this value. c 3T3-L1 adipocytes were treated

similarly as in (a, b) with minor modifications, and relative free fatty

acid (FFA) release was measured, as in (a). Briefly, serum-deprived

cells were pre-treated without or with rapamycin (20 ng/mL) or

wortmannin (100 nM) for 30 min. Cells were then incubated in the

absence (Basal lipolysis) or presence of isoproterenol (10 lM) for 4 h

without (Iso) or with insulin (100 nM) (Iso ? INS), rapamycin

(Iso ? R), wortmannin (Iso ? W), or both insulin and rapamycin

(Iso ? INS ? R), as indicated in the graph. Cells incubated in the

absence of isoproterenol (Basal lipolysis) were also incubated with

insulin (INS), rapamycin (R), wortmannin (W), and insulin and

rapamycin (INS ? R) for 4 h. In graph (c), each bar represents the

mean value ± SD of nine samples from three independent experi-

ments; thus, each bar represents n = 9. As in graphs (a, b), the value

of Iso alone was set to 100%, and all other values were normalized to

this value. Differences between treatment groups were analyzed using

ANOVA, and differences were considered statistically different at a

level of 0.05. Bars with different letters are statistically significant

c
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that disassembles the perilipin protective coat and induces

the translocation of HSL from the cytoplasm to the surface

of lipid droplet, whereby HSL docks to phosphorylated

perilipin [23, 33]. To determine whether rapamycin aug-

ments isoproterenol-stimulated phosphorylation of perili-

pin, we employed a commonly used SDS–PAGE mobility

shift assay to determine the phosphorylation state of per-

ilipin. Serum deprived 3T3-L1 adipocytes were pretreated

with rapamycin and then stimulated in the absence of

isoproterenol or with a series of isoproterenol concentra-

tions ranging from maximal to sub-maximal (10 lM down

to 1 nM). As expected, isoproterenol strongly promoted the

phosphorylation of perilipin in a dose-dependent manner,

as shown by decreased electrophoretic mobility on SDS–

PAGE (Fig. 4b). Rapamycin treatment had no effect on

isoproterenol-induced perilipin phosphorylation, even at

sub-maximal doses (0.1 lM, 10 nM). At the limited reso-

lution of this assay, these data suggest that mTORC1

inhibition with rapamycin does not synergize with cate-

cholamine induced PKA signaling to promote significant

phosphorylation of perilipin. Although mobility shift is a

commonly used method in detection of perilipin phos-

phorylation state, we acknowledge the possibility that

rapamycin could promote the phosphorylation of individ-

ual sites on perilipin whose phosphorylation state may not

be measurable by mobility shift. We next investigated the

phosphorylation of the lipase HSL, which functions as the

rate-limiting enzyme in the lipolytic cascade. To date, three

PKA-mediated phosphorylation sites (Ser563; Ser659;

Ser660) and one AMPK-mediated phosphorylation site

(Ser565) have been identified on rat HSL, as illustrated in

Fig. 4c [34, 35]. Phosphorylation of HSL on Ser563 by PKA

is thought to promote the intrinsic catalytic activity of HSL

[36], while phosphorylation of HSL on Ser659 and Ser660 by

PKA are thought to promote the translocation of cytosolic

HSL to the surface of the lipid droplet [23]. Conversely,

phosphorylation of HSL on Ser565 by AMPK is thought to

inhibit HSL activity [37]. By treating 3T3-L1 adipocytes

with various concentrations of isoproterenol in the absence

and presence of rapamycin, we found that rapamycin

augmented HSL Ser563 phosphorylation (Fig. 4c). On the

contrary, there was no additional effect of rapamycin on

isoproterenol-stimulated phosphorylation of HSL Ser660

(Fig. 4c). Neither isoproterenol nor rapamycin modulated

AMPK Ser565 phosphorylation, which appears to be con-

stitutively activated under basal conditions [37]. Taken

together, these data indicate that mTORC1 inhibition with

rapamycin synergizes with PKA signaling to augment the

phosphorylation of HSL on Serine 563, which may accel-

erate lipolysis by augmenting HSL catalytic activity.

Rapamycin Has No Effect on ATGL, HSL, or MGL

Protein Expression

To determine whether mTORC1 inhibition with rapamycin

additionally promotes lipolysis by modulating the expres-

sion of the lipases critical for the breakdown of TAG into

FFAs and glycerol, we examined the protein expression of

adipose triacylglycerol lipase (ATGL), hormone sensitive

lipase (HSL), and monoacyl lipase (MGL). It is currently

believed that ATGL initiates basal as well as hormone

sensitive lipolysis of triacylglycerol [38, 39] to FFA and

diacylglycerol. Subsequently, HSL acts on diacylglycerol

particles to release FFA and monoacylglycerol. The final

step in lipolysis is catalyzed by the hormone-insensitive

MGL, which acts on monoacylglycerol to release FFA and

glycerol [39]. Some investigators [40] also suggest a role

for triacylglycerol hydrolase (TGH) in lipolysis; the rela-

tive contribution of TGH in the lipolytic cascade within the

Fig. 3 Rapamycin does not augment cAMP levels over b-adrenergic

agonist alone. cAMP levels were measured using the HitHunter

cAMP EFC chemiluminescent detection assay (Amersham, Inc.),

according to manufacturer’s directions. Briefly, 3T3-L1 adipocytes

were serum deprived 20 h and pre-treated without or with rapamycin

(R) (20 ng/mL) for 30 min. Cells were then incubated in the absence

(DMEM) or presence of isoproterenol (Iso) (1 lM or 10 lM) for

15 min (a) or (10 lM) 30 min (b) in the absence or presence of

rapamycin (Iso ? R). ‘‘No ED’’ (without enzyme donor) and ‘‘PBS’’

represent negative controls for this assay. Bars with different letters

are statistically significant at a level of 0.05
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adipocyte remains unclear, however. We treated 3T3-L1

adipocytes with isoproterenol in the absence or presence of

rapamycin for 18 h and measured the protein expression of

ATGL, HSL, and MGL by immunoblot (Fig. 5). We found

no differences in the abundance of these 3 important

lipases under any treatment condition. Thus, these data

indicate that mTORC1 inhibition with rapamycin does not

augment lipolytic rate by increasing the expression of a

critical lipase.

Discussion

Here, we investigated the biochemical mechanism by

which mTORC1 inhibition via the immunosuppressive

drug rapamycin induces hypertriglyceridemia and increases

circulating free FFAs in organ transplant patients [11] as

well as in guinea pigs [25]. We report that treatment of

3T3-L1 adipocytes with the mTORC1 inhibitor rapamycin

decreases TAG storage by augmenting lipolysis induced by

Fig. 4 Rapamycin augments isoproterenol-stimulated phosphoryla-

tion of HSL on S563 in the absence of effects on PKA regulatory

subunit or perilipin phosphorylation. a Rapamycin does not modulate

the phosphorylation of PKA on the regulatory subunits RIIa (S196) or

RIIb (S114): 3T3-L1 adipocytes were serum-deprived for 20 h and

then pre-treated without (-) or with (?) rapamycin (20 ng/mL) for

30 min. Cells were incubated in the absence (-) or presence of

various concentrations of isoproterenol (Iso) ranging from 10 lM to

1 nM for 15 min, as indicated. After lysis, whole cell lysate was

resolved on SDS–PAGE and immunoblotted with the indicated

antibodies. b Rapamycin does not augment isoproterenol-stimulated

phosphorylation of perilipin: 3T3-L1 adipocytes were serum-deprived

for 20 h and pre-treated without (-) or with (?) rapamycin (Rapa)

(20 ng/mL) for 30 min. Cells were then incubated in the absence (-)

or presence (?) of isoproterenol (Iso) (10 lM) in the absence or

presence of rapamycin for 15 min. After lysis, whole cell lysate was

resolved on SDS–PAGE and immunoblotted with perilipin antibodies.

Note: To observe perilipin electrophoretic mobility shift, a measure of

perilipin phosphorylation, a 21 cm long 8% gel was run for 3:30 h. To

visualize total perilipin, a 13-cm long 12% gel was run for 1:45 h.

c Rapamycin augments isoproterenol-stimulated phosphorylation of

HSL on S563 (a PKA phosphorylation site) but not on S565 (an

AMPK phosphorylation site): Upper panel: Schematic of the HSL

sites phosphorylated by PKA and AMPK. Lower panel: 3T3-L1

adipocytes were serum-deprived and pre-treated without (-) or with

(?) rapamycin, as in (a, b) above. Cells were then incubated in the

absence (-) or presence of various concentrations of isoproterenol

(Iso) ranging from 10 lM to 1 nM for 15 min, as indicated. After

lysis, whole cell lysates were resolved on SDS–PAGE and immuno-

blotted with the indicated antibodies. Cells were also lysed imme-

diately after serum deprivation (Basal). Two P-HSL-S563 film

exposures are shown (SE-short exposure, LE-long exposure)
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isoproterenol, a b-adrenergic agonist, without altering

basal lipolysis. While, the measured effect of rapamycin on

hormone-induced lipolysis was modest, the combined

effect of increased lipolysis and decreased TAG synthesis

incurred by mTOR inhibition likely has a more significant

impact on TAG metabolism. Our data further elucidate the

mechanism by which mTORC1 inhibition cooperates with

PKA signaling to promote lipolysis: We found that rapa-

mycin augments isoproterenol-induced phosphorylation of

HSL (on S563) via a mechanism that does not involve

increased production of cAMP. These data indicate that

mTORC1 inhibition and PKA signaling synergize either

downstream of PKA or at the level of PKA to promote

lipolysis (Fig. 6). Whether, mTORC1 inhibition and PKA

converge on common lipolytic targets (e.g. HSL, ATGL)

via parallel pathways or, whether mTORC1 inhibition

converges on PKA itself to enhance its function (via

increased enzymatic activity, altered subcellular localiza-

tion, etc.) remains currently unknown (see model in

Fig. 6). In support of the former model, TOR and PKA

signal via parallel pathways in budding yeast to regulate

the transcriptional expression of ribosomal protein genes

and stress-responsive genes [41]. In support of the latter

model, TORC1 signaling in budding yeast was reported

recently to regulate PKA activity [42]. Lastly, we found

that rapamycin treatment (18 h) had no effect on the

expression of various lipases, including ATGL, HSL, or

MGL under basal or isoproterenol-stimulated conditions.

Our data are consistent with the recent work of Chak-

rabarti et al., who showed that inhibition of mTORC1

signaling via rapamycin or knockdown of the critical

mTORC1 partner raptor decreases TAG storage by

increasing lipolysis in 3T3-L1 adipocytes [43]. Consis-

tently, this work demonstrated that overexpression of the

mTORC1 activator Rheb augments TAG storage and

suppresses lipolysis [43]. Our data differ in that Chakrab-

arti et al. found that rapamycin also modestly augments

Fig. 5 Rapamycin does not modulate the protein expression of

ATGL, HSL, or MGL. 3T3-L1 adipocytes were serum-deprived for

20 h (lanes 1–5) and pre-treated without (lanes 1–2, 5) or with (lanes
3, 4) rapamycin (R) (20 ng/mL) for 30 min. Cells were then

incubated in the absence (-) (lanes 2–3) or presence (?) (lanes
4–5) of isoproterenol (10 lM) for 18 h in the absence or continued

presence of rapamycin, as indicated. In lane 1, cells were lysed after

the 20 h serum deprivation period (t = 0). In lane 6, cells were

cultured in DMEM/10% FBS (steady-state, non-starved conditions).

After lysis, whole cell lysate was resolved on SDS–PAGE and

immunoblotted with the indicated antibodies

Fig. 6 Model for the role of mTORC1 signaling in suppression of

lipolysis in adipocytes. The b-adrenergic agonist isoproterenol, a

synthetic catecholamine, promotes triacylglycerol (TAG) breakdown

(lipolysis) by activating a large heterotrimeric Gas-protein that

activates adenylate cyclase (AC), which converts ATP into cAMP.

cAMP binds the regulatory subunits of protein kinase (PKA), thus

dissociating the repressive regulatory subunits from the catalytic

subunits. Catalytically active PKA phosphorylates downstream

targets, including perilipin and hormone sensitive lipase (HSL),

which contribute to initiation of lipolysis together with several other

lipases including ATGL (adipose triacylglycerol lipase) and MGL

(monoacyl lipase), ultimately leading to the breakdown of TAG into

free fatty acids (FFA) and glycerol. mTORC1 signaling suppresses

lipolysis by either acting on common lipolytic targets (e.g., HSL,

others?) via a pathway parallel to PKA or by converging on PKA to

inhibiting its function. By inhibiting mTORC1 signaling, rapamycin

synergizes with the PKA pathway to promote lipolysis, thus reducing

TAG storage; therefore, mTORC1 signaling suppresses lipolysis, thus

augmenting TAG storage
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basal lipolysis and modestly reduces the mRNA and pro-

tein expression of the lipase ATGL [43]. We found no

evidence for alterations in basal lipolytic rate or ATGL

expression upon rapamycin treatment. Perhaps differences

in experimental conditions account for these apparent

discrepancies.

Emerging data identify mTORC1 an important novel

controller of both anabolic and catabolic lipid metabolism

by regulating lipogenesis and lipolysis, respectively [44,

45]. mTORC1 signaling induces adipogenic differentiation

and maintains the adipogenic program by promoting the

expression and activation state of the transcription factor

PPARc (peroxisome proliferator-activated receptor-c), a

nuclear hormone receptor that induces the expression of

genes that promote fatty acid uptake, synthesis, esterifica-

tion, and storage [46]. Moreover, mTORC1 signaling

promotes lipid biosynthesis by cleaving the transcription

factor SREBP-1 (sterol regulatory element binding protein-

1) into a mature form that translocates to the nucleus to

induce the expression of lipogenic genes that promote fatty

acid and TAG synthesis [45, 47].

As increased levels of circulating FFA are well docu-

mented as an etiological factor in the development of

insulin resistance, the cumulative data suggest that rapa-

mycin administration to patients may exacerbate insulin

resistance by promoting TAG lipolysis [48]. Indeed, stud-

ies in a diabetic rodent model showed that injection of

rapamycin led to worsened hyperglycemia and diabetes

[48]. Impaired TOR signaling also appears to promote

lipolysis in model organisms. For example, in Drosophila,

loss-of-function mutations in melted leads to decreased

dTOR signaling and a 10% decrease in animal size, con-

sistent with a role of mTOR in cell growth control; strik-

ingly, melted flies possess 40% less fat relative to control

animals in the fat body, the primary energy storage

organ [49]. This phenotype is fat-body autonomous, as

re-expression of wild type melted in the fat body rescues

the leanness of melted mutants [49]. Additionally, global

knockout of the mTORC1 substrate S6K1 in mice produces

animals with increased levels of plasma FFA that exhibit

mild glucose intolerance and resistance to diet-induced

obesity [14, 50]. Consistently, increased mTORC1 signal-

ing to eukaryotic initiation factor 4E (eIF4E) via global

knockout of the eIF4E inhibitors 4EBP-1 and 4EBP-2 leads

to increased adipogenesis, decreased lipolysis, and

increased FFA re-esterification, which cooperatively

induce obesity [51].

In conclusion, these data demonstrate that cellular

inhibition of mTORC1 signaling with rapamycin, as well

as inhibition of PI3K with wortmannin, synergizes with the

PKA pathway to augment the phosphorylation of HSL

leading to enhanced hormone-induced lipolysis. Thus,

mTORC1 signaling antagonizes the PKA pathway to

suppress hormone-induced lipolysis. Many questions

remain regarding the molecular mechanism by which

mTORC1 signaling impacts lipolytic targets. Does

mTORC1 directly or indirectly (via downstream substrates)

antagonize PKA signaling? Does mTORC1 signaling

suppress PKA activity or does mTORC1 signal along a

parallel pathway that converges on a common lipolytic

target that lies downstream of PKA? Our data and that of

others reveal a novel role for PI3K/mTORC1 signaling in

control of cellular TAG and FFA metabolism: mTORC1

signaling reduces lipolytic rate, thus promoting TAG

storage. Elucidating the molecular mechanisms by which

mTORC1 signaling modulates lipid metabolism may

enable clinicians in the future to better manage the dele-

terious side effects incurred by therapeutic rapamycin or

analog treatment employed for immunosuppression, stent

restenosis, and cancer. Additionally, as altered lipid

homeostasis contributes to diverse human diseases

including type II diabetes, obesity, cancer, and cardiovas-

cular disease, elucidation of the biochemical mechanisms

by which mTORC1 signaling modulates lipid metabolism

is important both biologically and clinically.
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lipoproteins and bile components, the liver regulates the

quantity and quality of lipids available to peripheral tis-

sues. The liver has not evolved as a triacylglycerol (TAG)

storage organ, however, hepatocytes transiently or chroni-

cally, for physiological or pathological reasons, may

sometimes store increased amounts of lipids.

In addition, the liver has remarkable regenerative

potential. Liver regeneration after 70% partial hepatectomy

(PH) in rodents is considered a paradigm to study the

proliferative process that involves multiple intra- and extra-

hepatic signalling pathways (reviewed in [1–4]). After PH,

around 90% of the remaining liver parenchymal cells

synchronously re-enter the cell cycle contributing to organ

growth. In parallel, there is a rapid accumulation of TAG,

possibly linked to the metabolic and structural require-

ments for hepatocyte proliferation [5, 6]. While the asso-

ciation of liver regeneration after PH with transient

steatosis is recognized, there seems to be no agreement

concerning whether manipulations of lipid availability and

metabolism can alter hepatocyte proliferation and the

outcome of liver regeneration [7–10].

Lipids are stored in lipid droplets (LD), dynamic

organelles in the cytoplasm of cells. These LD are com-

posed of a hydrophobic core of neutral lipids, mainly TAG

and cholesteryl esters (CE), surrounded by a monolayer of

phospholipids (PL) and unesterified (free) cholesterol (C),

with associated proteins. The lipid composition of LD

seems to depend on the cell type and to adapt to the cell

environment and pathophysiological context [11]. Such

molecular heterogeneity would help provide complexity

and plasticity to the organelle, characteristics that enable

LD to carry out a range of specific functions in cellular

lipid metabolism. There is a high diversity even among the

minor lipids in LD. For example, phospholipids are rep-

resented by more than 160 different molecular species in

CHO cells [12]. Moreover, the dramatic variability in the

LD-associated proteins (reviewed in [13]) seems to be

related to various aspects of lipid droplet biology, including

their biogenesis and regression, the metabolism of stored

lipids, interactions with membrane systems for exchange of

components, intracellular transport, and structural stabil-

ization in fusion processes [14–20]. It is then logical to

expect that LD have cell- and stored lipid-specific func-

tions (reviewed in [21]).

Two paradigms concerning lipid droplets are recognized

in animal cells: LD in steroidogenic cells, which are rich in

CE and supply a ready source of cholesterol for steroid

hormone synthesis [22]; and LD in adipocytes, which are

rich in TAG and provide fatty acid substrates for the pro-

duction of energy and intracellular signalling [14, 23]. As

far as we know no data on lipid metabolism of LD in post-

PH liver has been reported in the literature. The aim of our

work was to evaluate the hypothesis that quiescent and

regenerating liver after PH contain LD populations of

different sizes and densities with specific characteristic

lipid compositions. In addition, we attempted to determine

whether liver LD pertained to one of the aforementioned

paradigms.

Materials and Methods

Animals and Partial Hepatectomy

Animal care and surgical procedures were approved by the

University of the Basque Country Animal Care and Use

Committee. Female Sprague–Dawley rats weighing

175–200 g were fed with low fat chow (A04 Panlab,

Spain). Animals (n = 3) were subjected to 70% PH [24],

with removal of the median and left lobes. The resected

tissue (quiescent liver) was used as the control sample. The

remaining tissue mass (regenerating liver) was removed

24 h later. Tissue pieces were always individually

processed.

Histological Staining

Newly obtained liver pieces were frozen in liquid nitrogen-

cooled isopentane and 12 lm thick sections were obtained

in a cryostat (Microm, HM550) at -25 �C. Sections were

rinsed with 60% isopropanol and stained for 15 min with

freshly prepared Oil Red O (Sigma) solution (0.5% in

isopropanol followed by dilution to 60% with distilled

water and filtered). After several rinses in 60% isopropanol

and distilled water, slides were counterstained with

hematoxylin for 2 min, rinsed with water and mounted

(Glycergel, Dako). Digital images were taken with a

ProgRes (Jenoptik) camera coupled to a Nikon (Eclipse

50i) microscope.

Isolation of Lipid Droplet Populations from Quiescent

and Regenerating Liver Tissue

Liver homogenates were obtained at 4 �C as described

previously [25]. Pieces of freshly extracted quiescent and

regenerating liver tissue were homogenized using a Potter

homogenizer in four volumes of 20 mM Tris–HCl buffer

pH 7.4, containing 1 mM EDTA, and protease inhibitors

(Roche). LD populations were isolated and characterized

separately for each animal as described elsewhere [26].

Briefly, the nuclei were sedimented and the post-nuclear

supernatant (PNSN) was adjusted to 20% (wt/vol) sucrose.

Then, 1.5 ml PNSN was loaded onto a discontinuous

sucrose gradient composed of four phases (1.5 ml each)

ranging from 40 to 25% sucrose, and overlaid with three

more 1.5 ml phases of 15, 10 and 5% sucrose. The tubes
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were centrifuged at 150,000g in a TST 41.14 rotor (Kon-

tron) for 4 h. Eight fractions (F1–F8) were harvested from

the top of the gradient (Fig. 2). The upper, semisolid,

fraction F1 was collected by adsorption on a hydrophobic

spatula and dissolved in 60 mM Tris–HCl buffer pH 6.8,

containing 10% SDS and 50% sucrose. Fractions F2–F8

was collected by pipetting. Western blot analysis showed

that the harvested fractions (F1–F8) were enriched in the

LD marker adipophilin and that there was no cross-con-

tamination with endoplasmic reticulum or Golgi marker

proteins (Supplementary Fig. 1).

Assessment of Lipid Composition of Lipid Droplets

Lipids were exhaustively extracted from each isolated LD

population following the method of Folch et al. [27].

Briefly, a portion of each fraction was mixed with eight

volumes of chloroform/methanol/water (2:1:0.0075, v:v:v)

and the methanol phase was re-extracted with four volumes

of the same mixture. The chloroform phases were aspi-

rated, combined, and washed with 1.5 ml of 0.88% KCl.

After centrifugation, the aqueous phase was discarded and

the chloroform evaporated. The lipid extract was dissolved

in toluene and cholesteryl formate (internal standard) was

added.

Lipids were separated using a thin-layer chromatogra-

phy system composed of six sequential mobile phases as

described by Ruiz and Ochoa [28]. Standard curves for all

lipid classes were run in each plate. Development allowed

sphingomyelin (CerPCho), phosphatidylcholine (PtdCho),

phosphatidylinositol (PtdIns), phosphatidylserine (PtdSer),

phosphatidylethanolamine (PtdEtn), C, TAG and CE to be

separated. The lipid spots were quantified as detailed pre-

viously [28] using Quantity One software (Bio-Rad).

Analysis was carried out at least twice per extract.

Statistics

Statistical analysis was performed using GraphPad Prism

version 5.02 (GraphPad Software, San Diego, CA). Trends

along the gradient for each condition were evaluated by

one-way analysis of variance (ANOVA) and differences

between trends using two-way ANOVA followed by the

Bonferroni multiple comparison test. Light and dense

fractions were compared by the unpaired Student’s t test,

while correlations between lipid classes were assessed

using the Pearson correlation coefficient. A p B 0.05 was

considered statistically significant.

Results

The regenerating liver after 70% PH in rodents is a para-

digm of physiological liver steatosis characterized by a

massive, transient accumulation of LD [6, 29]. Figure 1

shows Oil Red O-stained sections of rat liver tissue either

resected at the time of PH (quiescent, control condition) or

24 h post-PH (regenerating, steatotic condition). In the

upper panels, captured at 9400 optical magnifications, the

proliferation of LD in regenerating liver can be seen.

Lower images (91000) illustrate the heterogeneity in the

LD size distribution in regenerating tissue. In order to

analyze the differential lipid composition of LD from

quiescent and regenerating liver, and to evaluate if lipid

Fig. 1 Lipid droplet

distribution in quiescent (left)
and regenerating (right) liver

tissue. Frozen liver sections

(12 lm) were stained with Oil

Red O to visualize lipid

inclusions and counterstained

with hematoxylin. Upper and

lower images were captured at

9400 and 91000 magnification,

respectively. The bar
corresponds to 10 lm at 91000
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profiles depend on the size of the particles, we isolated

eight LD fractions of different densities, and compared the

lipid composition of fractions within each condition and of

matched density fractions between the conditions. Western

blot analysis, using antibodies against the LD marker

adipophilin, the endoplasmic reticulum marker calregulin

and the Golgi marker GM-130, confirmed that fractions

F1–F8, which float at different sucrose percentage solu-

tions over the sample loading layer, were LD-rich and free

of contamination with microsomes (Supplementary Fig. 1).

Of the density-matched LD populations, only F1 dif-

fered markedly (p B 0.001) between tissue conditions

(Fig. 2a). The absolute amount of lipids is given in

Table 1. Notably, low density LD concentrated in F1,

floating above 5% sucrose and with a density \1.02 g/ml,

were responsible for the characteristic rise in lipid levels

observed after PH.

The molar ratio between the major hydrophobic lipids in

the core of the organelle (TAG ? CE) and the major

amphipathic lipids on the surface (PL ? C) is a surrogate

index of LD volume (Fig. 2b). The trends in the LD

apparent volume across the density gradient fractions dif-

fered between quiescent and regenerating liver

(p B 0.005). With the exception of F1 droplets, which were

substantially larger in regenerating tissue, the apparent

volume of LD was lower in the steatotic than in the control

samples.

We determined the molar fraction of each lipid class in

LD populations from quiescent (Fig. 3a) and from regen-

erating liver (Fig. 3b, the grey intensity of bars increases

with LD density). A one-way ANOVA and linear trend test

showed a fall in the molar proportion of TAG as LD

population density increased (a, p B 0.05) in both tissue

conditions, more pronounced in regenerating tissue. Fur-

thermore, a significant positive correlation between the

increase in the PtdEtn molar fraction and LD density

(a, p B 0.05) was observed in LD populations from the

steatotic samples.

There was a negative correlation (p B 0.05) between the

contents of TAG and all of the membrane lipids in LD

populations from regenerating liver (Fig. 3b). In addition,

positive correlations were found within the phospholipids

(at least p B 0.05) and between them and the C molar

fraction (p B 0.05); however, none of the lipids were found

to have significant correlations with the molar ratio of the

highly hydrophobic CE. These findings indicate that the

density of LD populations isolated from liver tissue is more

closely related to TAG than to CE content, especially in

conditions of regeneration.

To simplify comparisons isolated LD populations were

classified according to the lipid composition. Two LD

types were defined in each tissue type, i.e., in quiescent and

in regenerating liver tissue: fractions 1–3, corresponding to

LD floating at sucrose B5% (density B1.02 g/ml) and

fractions 5–8, corresponding to sucrose solutions of den-

sity C1.06 g/ml, were grouped; we refer to these groups as

light and dense LD, respectively. Fraction four was not

included in either of the groups. This grouping and the

exclusion of F4 are in line with the greatest statistically

significant differences (Student’s t test) in terms of the

density between light and dense LD and minimum variance

analyzed for both physiological conditions. The mean

molar ratios for each lipid class in the two subtypes for

quiescent and regenerating tissues are shown in Fig. 3c.

A specific lipid composition pattern was observed for

each LD group. Accordingly, it was possible to define four

phenotypes of lipid droplets, which do not necessarily

coexist in the healthy liver. The main features of these

Fig. 2 Basic features of lipid droplet populations from quiescent and

regenerating liver tissue. Quiescent and regenerating liver pieces were

homogenized, and the post-nuclear supernatant adjusted to 20%

sucrose and centrifuged in a density gradient. Fractions 1–8 (F1–F8)

above the loading point, ranging from 0 to 15% sucrose (schematized

in the insert of panel A), were identified as adipophilin(?) lipid

droplets (LD) (Supplementary Fig. 1). a Graph showing the total lipid

content in F1–F8 from quiescent and regenerating liver is plotted (the

individual values are given in Table 1). Note a logarithmic scale is

used to make differences between tissues readily visible. b The

hydrophobic/amphipathic lipid ratio was calculated for each LD

population, and represented separately for quiescent and for regen-

erating liver
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phenotypes, in terms of lipid molar fractions and apparent

volumes, are illustrated schematically in Fig. 4. Light

particles seem to constitute the LD structures used for fuel

storage, and although proportions of TAG in non-steatotic

and steatotic livers did not differ statistically their quantity

increased considerably during regeneration (Figs. 3c, 4).

The two forms of cholesterol are more abundant in the

quiescent liver tissue. Results shown in Figs. 2, 4 indicate

that there are only moderate differences in apparent volume

between light and dense liver LD in the quiescent tissue but

that the volumes are dramatically affected by regeneration.

Quiescent dense LD (F5–F8) were found to have an

apparent volume nearly ten times larger than their coun-

terparts of equal density from regenerating tissue, which

corresponds to a hydrophobic/amphipathic ratio up to

20-fold lower. An explanation for such an effect may reside

in notably large quantities of CE in the lipid core of

the quiescent dense particles.

Discussion

Resection of 70% of a healthy adult liver triggers regen-

erative mechanisms that result in complete restoration of

liver mass and function within a week or so in adult

rodents. During this process, the residual mature hepato-

cytes proliferate [30] and have the capacity to accumulate

substantial amounts of lipids in cytoplasmic LD (see liver

sections in Fig. 1). By fractionation of quiescent and

regenerating rat liver in a discontinuous sucrose gradient,

we isolated LD populations from each condition. LD,

defined as adipophilin-positive organelles, were localized

in a range of fractions lying above the loading point

(Supplementary Fig. 1). The scheme in Fig. 4 summarize

the features of the four models of LD phenotypes defined in

this work considering the lipid composition. The micro-

graphs in Fig. 1 show high heterogeneity in the LD sizes in

regenerating tissue consistent with the analysis of lipid

composition.

LD are composed of a core of neutral lipids, TAG and

CE, surrounded by a coating of amphipathic cholesterol

and phospholipids with which specific proteins can be

associated permanently or transiently. Our results show

that the TAG accumulated in regenerating tissue mostly

corresponded to densities below 1.02 g/ml (F1) and prob-

ably to the large-sized LD observed in micrographs of

stained tissue (Fig. 1). This accumulation seems to be

essential to accomplish timely liver regeneration [31],

probably providing precursors for membranes and intra-

cellular signalling, and fatty acids for energy production by

mitochondrial and peroxisomal oxidation.

Characterization of LD sub-populations was first

described by Ontko et al. [32], who showed that the lipid

composition of lipid droplets in rat liver varied. The

analysis of fibroblasts, lymphocytes and CHO cells by

Bartz et al. [12] revealed differences between LD in their

lipid composition. These differential characteristics could

be connected with specialized behaviors of LD. The lipid

content has been related to cell function in hepatic stellate

cells that store retinoids for the whole body in their LD

[33]; macrophages and neutrophils are important storage

sites for arachidonic acid that is a building block for

numerous biological mediators, and muscles and plant

seeds store TAG for the supply of energy in periods of

scarcity [for a review, see [34]).

LD from regenerating tissue, especially those from F1,

are similar to adipocyte LD, large and TAG-enriched

[14, 35], and practically devoid of cholesteryl esters, lipids

Table 1 Lipid content of the lipid droplet density fractions F1–F8 isolated from quiescent and regenerating liver

Fraction Hydrophobic lipids Amphipathic lipids

Triacylglycerols

(mmol/g of liver)

Cholesteryl esters

(lmol/g of liver)

Phospholipids

(lmol/g of liver)

Free cholesterol

(lmol/g of liver)

Quiescent

liver

Regenerating

liver

Quiescent

liver

Regenerating

liver

Quiescent

liver

Regenerating

liver

Quiescent

liver

Regenerating

liver

1 18.42 ± 11.18 319.9 ± 185.9 3,075 ± 1,589 3,453 ± 1,532 1,459 ± 600 18,839 ± 11,456 3,487 ± 1,757 22,993 ± 16,317

2 3.62 ± 2.58 0.13 ± 0.26 126.9 ± 81.4 23.2 ± 11.3 1,929 ± 1,513 467.0 ± 168.2 164.9 ± 65.3 77.2 ± 20.7

3 0.87 ± 0.64 0.01 ± 0.01 46.5 ± 26.7 * 430.4 ± 337.9 105.0 ± 47.6 34.1 ± 14.8 23.2 ± 4.7

4 0.45 ± 0.32 0.02 ± 0.04 38.2 ± 18.8 * 203.4 ± 159.1 159.6 ± 63.4 21.7 ± 11.5 30.1 ± 10.7

5 0.07 ± 0.05 0.04 ± 0.03 14.4 ± 2.9 * 41.4 ± 31.7 240.5 ± 111.5 11.9 ± 5.1 38.9 ± 12.2

6 0.09 ± 0.06 0.06 ± 0.03 14.4 ± 2.8 * 107.6 ± 83.1 333.7 ± 126.9 14.1 ± 5.7 76.1 ± 34.1

7 0.07 ± 0.03 0.06 ± 0.03 38.8 ± 6.8 * 94.2 ± 71.6 325.2 ± 123.1 24.5 ± 4.2 85.1 ± 34.1

8 0.13 ± 0.03 0.12 ± 0.12 51.4 ± 7.4 * 122.8 ± 89.2 567.6 ± 231.3 52.3 ± 10.7 157.9 ± 68.9

Data are the means ± SE of three independent experiments

* Below the detection limit (0.05 nmol) in two of three samples
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that were found at high levels in all densities LD of

quiescent tissue. LD from quiescent liver tissue resemble

those of steroidogenic cells, characterized by their high

CE content to provide the supply of cholesterol needed for

steroid hormone synthesis [34]. In liver parenchymal cells,

cholesterol is required for bile acid synthesis and its biliary

secretion and also for the assembly of very low density

lipoproteins, the secretion rate of which, like that of TAG,

is highly dependent on cholesterol availability [36–38].

After PH, the proliferative state is accompanied by pro-

found changes in cholesterol homeostasis [39, 40]. During

regeneration, cholesterol metabolism is focused on

increasing its cellular availability, which would sustain the

formation of new membranes. Limitation of the rate of

degradation and secretion of cholesterol, and the activation

of its biosynthesis, lead to the maintenance of liver cho-

lesterol levels [40]. Our results suggest that these adapta-

tive changes are accompanied by the mobilization of the

CE stored in the LD.

It is well known that metabolic profile changes occur

after PH, because of changes in the availability of pre-

cursors and enzymatic activities, leading to an increase in

the capacity of TAG, PtdCho and PtdEtn synthesis [41–43].

Fig. 3 Lipid composition of lipid droplet populations from quiescent

and regenerating liver tissue. Lipid composition was analyzed in lipid

droplet (LD) fractions 1–8 (F1–F8) after separation of lipid classes as

described in ‘‘Materials and Methods’’. The average molar fraction of

neutral and amphipathic lipids in LD fractions from quiescent (a) and

regenerating (b) liver is shown. For each lipid class, fractions 1–8 of

increasing density are represented as bars of increasing grey intensity

from left to right. Data were analyzed using the Student’s t test.

*p \ 0.05; **p \ 0.01; ***p \ 0.001: light (F1–F3, taken together)

versus dense (F5–F8, taken together) fractions. Statistical analysis of

the trends as a function of the gradient for each lipid class was

performed by one-way ANOVA: ‘‘a’’ indicates p B 0.05. (c) Molar

fractions of lipid classes in light (F1–F3) and dense (F5–F8) fractions.

Data were analyzed using the Student’s t test: *p \ 0.05; **p \ 0.01;

***p \ 0.001, as compared to dense fractions within the same

condition; and #p \ 0.05; ##p \ 0.01; ###p \ 0.001, as compared to

counterpart fractions of quiescent liver

Fig. 4 Schematic representation of light and dense lipid droplets in

both quiescent and regenerating livers. We propose four phenotypes

of lipid droplets (LD) that occur under physiological conditions on the

basis of the molar proportions of the major lipid components. The

diameter of the circle representing the LD has been scaled according

to the apparent volume calculated by the ratio hydrophobic/amphi-

pathic lipids. The font size of the lipid acronym is proportional to the

assessed relative abundance of each lipid (shown in Fig. 3). TAG
triacylglycerol, CE cholesteryl ester, C free cholesterol, PtdCho
phosphatidylcholine
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In parallel with the rise of TAG content, these metabolic

changes trigger a dramatic increase in the amount of PtdEtn

in the liver. Our results show that this is reflected in the

percentage of PtdEtn in dense LD only. Such a rise could

be related to the need for rapid structural and functional

changes involved in LD formation and utilization, for

example, to facilitate interactions with proteins. Our data

show that the dense LD after PH also became enriched in

CerPCho (accounting for 9% of the membrane lipids; data

not shown), which is a lipid that tends to segregate forming

disordered membrane domains potentially important for

lipid–protein specific interactions [44].

In summary, we propose two models of LD in each of

the physiological conditions of hepatic tissue analyzed

(quiescence and regeneration): one corresponding to light

(density B1.02 g/ml) and one to dense (density C1.06 g/

ml) particles, on the basis of their specific lipid profiles.

Our findings provide evidence that hepatic lipid droplets

are multifunctional and adaptative structures and support

the notion that LD in the liver are complex organelles with

probably still unknown roles in lipid metabolism.
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resistance is mainly determined by the response of skeletal

muscle to insulin. Lipid oversupply is known to play a

causative role in the generation of muscle insulin resis-

tance, and lipid signaling molecules derived from free fatty

acid (FFA) such as diacylglycerol (DAG) and ceramide

were reported to interfere with insulin signal transduction

in skeletal muscle (reviewed in [1]).

Recently, dietary monounsaturated fatty acids (MUFA)

has been known to have beneficial effect on insulin sen-

sitivity, as compared to a saturated fatty acids (SFA) [2–5].

The associations of dietary SFA with insulin resistance and

the development of metabolic syndrome or diabetes were

elucidated in several studies [6–9]. Recent studies reported

that, compared with unsaturated fatty acids, SFA increased

intramuscular accumulation of lipid metabolites (DAG or

ceramide) and attenuated insulin-stimulated glucose uptake

of skeletal muscle [9, 10].

Insulin receptor substrates (IRS)-1 and -2 are the

docking proteins of the insulin receptor; these proteins are

recruited to the receptor after insulin binding and play a

central role in the translocation of glucose transporter type

4 (GLUT4) through the activation of the phosphoinositol

3-kinase (PI3K) pathway (reviewed in [1]). Although

intramuscular lipid metabolites are known to affect the

IRS/PI3K pathway, to our knowledge there are few in vivo

studies investigating the effect of dietary SFA and MUFA

on this pathway. In this study, we compared the effect of

dietary SFA and MUFA on the IRS/PI3K pathway and

GLUT4 membrane translocation in the skeletal muscle of a

type 2 diabetic animal model. The results of this study

might provide clues to understanding the mechanism

through which dietary fatty acid composition affect skeletal

muscle insulin sensitivity and could provide the theoretical

background for nutritional advice for T2DM patients.

Materials and Methods

Animals and Experimental Diet

Twenty-nine-week-old male Otsuka Long-Evans Tokushi-

ma fatty (OLETF) rats (Otsuka Pharmaceutical, Tokushima,

Japan) were kept at ambient temperature (22�C ± 1�C) on a

12-h light–dark cycle with free access to water and diet.

Before any experimental intervention, animals were fed a

standard rodent chow (Samtako, Osan, Korea). After

1 week, rats were divided into three experimental diet

groups. Rats in the control group (chow, n = 10) were fed

standard rat chow (61.8% carbohydrate, 15.7% fat, 22.5%

protein expressed as percentages of the total caloric intake,

chow diet) purchased from Samtako; the SFA group (SFA,

n = 10) was fed a high-fat diet that primarily consisted of

saturated fatty acids (24.3% carbohydrate, 52.8% fat, 22.9%

protein, lard oil as 79.1% of total fat, SFA diet); and the

MUFA group (MUFA, n = 10) was fed a high-fat diet that

consisted primarily of monounsaturated fatty acids (24.3%

carbohydrate, 52.8% fat, 22.9% protein, olive oil as 79.1%

of total fat, MUFA diet). We made the high-fat diet by

adding olive oil or lard oil to the purchased normal chow

diet, and the ingredients of chow diet were as follows;

ground corn, dehulled soybean meal, wheat middlings,

ground wheat, fish meal, cane molasses, wheat germ, dried

beet pulp, brewers dried yeast, dehydrated alfalfa meal,

ground oats, dried whey, soybean oil, vitamin premix, and

mineral premix. Animals were provided with food and water

ad libitum throughout the experimental period. Animals

were maintained on their diets for 3 weeks before testing.

The animals were euthanized at the end of a dark cycle after

overnight fasting for tissue sampling. Blood was collected

by cardiac puncture and the vastus lateralis muscle was

rapidly dissected out, immediately frozen in liquid nitrogen,

and stored at -80�C until analysis. All procedures were

approved by the Institutional Animal Care and Use Com-

mittee of the Yonsei University College of Medicine.

Insulin Tolerance Test (ITT)

After 3 weeks of experimental diet feeding, an ITT was

performed. After a 6-h fast, rats were intraperitoneally

injected with 0.75 U/kg human regular insulin (Humulin-

R�, Eli Lilly and Company, Indianapolis, IN, USA). Blood

samples were obtained at the indicated time by tail snip-

ping, and blood glucose levels were measured with a glu-

cose analyzer (Accu-Check; Roche Diagnostics, Basel,

Switzerland).

Oral Glucose Tolerance Test (OGTT)

An OGTT was performed in rats after forced oral admin-

istration of a 20% glucose solution (2 g/kg) with a 10-ml

syringe followed by an overnight fast. Blood samples were

obtained at the indicated time by tail snipping, and blood

glucose levels were measured with a glucose analyzer

(Accu-Check; Roche Diagnostics).

RNA and cDNA Preparation

Total RNA was isolated from rat skeletal muscle tissue

using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and

quantified by nano drop (ND-1000, DM Science, Seoul,

Korea). Following RNA extraction, 4 ll RNA was treated

with 1 U DNase I to remove all contaminating genomic

DNA. DNase-treated RNA was subsequently used for

cDNA synthesis using MMLV reverse transcriptase (Pro-

mega, Madison, WI, USA): 1 ll oligo dT primer was

added to 4 ll RNA with 59 MMLV reaction buffer,
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2.5 mM each dNTP, 1 U RNasin ribonuclease inhibitor

and MMLV reverse transcriptase (200 units). cDNA was

stored at -20�C.

Semi-Quantitative RT-PCR

The mRNA levels of IRS-1 and -2 were assessed by semi-

quantitative RT-PCR analysis using glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) as a control. PCR

primers were designed as follows: IRS-1 sense, 50-ggttttg

gtcaaggatgtta-30; IRS-1 anti-sense, 50-tgctgaggtcatttaggtc

t-30; IRS-2 sense, 50-cttttctcccctccacaagc-30; IRS-2 anti-

sense, 50-caagaacggttgaggagcaa-30; GAPDH sense, 50-catt

gacctcaactacatggt-30; and GAPDH anti-sense, 50-gtgaagac

gccagtagactc-30. RT-PCR products were electrophoresed

on a 1% (w/v) agarose gel, stained with ethidium bromide

and visualized by UV light.

Plasma Membrane Protein Extraction

The extraction of sarcolemmal membrane protein from

skeletal muscle tissue was performed using a commercially

available plasma membrane protein extraction kit (#k268-

50, BioVision, Mountain View, CA, USA) according to the

manufacturer’s instructions [11, 12]. For membrane frac-

tionation, skeletal muscle samples of each experimental

group were homogenized and processed for extraction of

sarcolemmal membrane protein. The protein content in the

sarcolemmal membrane fraction was measured by Brad-

ford reagent (Bio-Rad, Hercules, CA, USA). The a1 sub-

unit of the Na?/K?-ATPase, a sarcolemmal membrane

marker, was measured by immunoblot to document ade-

quate enrichment of membrane fractions.

Immunoblot Analysis

Aliquots of tissue homogenates were denatured under

reducing conditions (1.75% SDS, 15 mM 2-mercap-

toethanol; 5 min at 100�C), then subjected to SDS-PAGE

and immunoblot analyses. To detect IRS-1, nitrocellulose

membranes were incubated overnight at 4�C with anti-IRS-1

antibody (rabbit polyclonal IgG, 1:100, Millipore, Billerica,

MA, USA) then with goat anti-rabbit IgG conjugated to

horseradish peroxidase (1:5,000, Santa Cruz Biotechnology,

Santa Cruz, CA, USA) for 1 h. Immunolabeling was detec-

ted with the ECL Western Blotting Analysis System

(Thermo Fischer Scientific, Waltham, MA, USA). All

immunoreactivity was normalized to total protein as deter-

mined by Bradford assay (Sigma-Aldrich, St. Louis, MO,

USA). We used following reagents to detect specific protein

we investigated; for phosphorylated IRS-1 (p-IRS-1,

Tyr896), anti-p-IRS-1 antibody (rabbit monoclonal IgG,

1:100, Epitomics, Burlingame, CA, USA) and goat anti-

rabbit IgG secondary antibody conjugated to horseradish

peroxidase (1:5,000, Santa Cruz Biotechnology); for IRS-2,

anti-IRS-2 antibody (rabbit polyclonal IgG, 1:250, Sigma-

Aldrich) and goat anti-rabbit IgG secondary antibody

conjugated to horseradish peroxidase (1:5,000, Santa

Cruz Biotechnology); for phosphorylated IRS-2 (p-IRS-2,

Ser731), anti-p-IRS-2 antibody (rabbit polyclonal IgG,

1:1,000, Abbomax, San Jose, CA, USA) and goat anti-

rabbit IgG secondary antibody conjugated to horseradish

peroxidase (1:5,000, Santa Cruz Biotechnology); for phos-

phorylated p85 subunit of PI3K (p-PI3K p85, Tyr458),

anti-p-PI3K p85 antibody (rabbit polyclonal IgG, 1:1,500;

Cell Signaling Technology, Danvers, MA, USA) and goat

anti-rabbit IgG secondary antibody conjugated to horserad-

ish peroxidase (1:5,000, Santa Cruz Biotechnology); for

phosphorylated extracellular signal-regulated kinase 1/2

(p-ERK1/2, Tyr204), anti-p-ERK1/2 antibody (mouse

monoclonal IgG, 1:1,500, Santa Cruz Biotechnology) and

goat anti-mouse IgG secondary antibody conjugated to

horseradish peroxidase (1:5,000, Santa Cruz Biotechnol-

ogy); for GLUT4, anti-GLUT4 antibody (mouse monoclonal

IgG, 1:500, Cell Signaling Technology) and goat anti-mouse

IgG secondary antibody conjugated to horseradish peroxi-

dase (1:5,000, Santa Cruz Biotechnology); for Na?/K?-

ATPase, anti-Na?/K?-ATPase antibody (rabbit monoclonal

IgG, 1:2,000, Epitomics) and goat anti-rabbit IgG secondary

antibody conjugated to horseradish peroxidase (1:5,000,

Santa Cruz Biotechnology). b-actin immunoreactivity,

detected with monoclonal anti-b-actin antibody (1:5,000,

Sigma-Aldrich) and goat anti-mouse IgG secondary anti-

body conjugated to horseradish peroxidase (1:5,000, Santa

Cruz Biotechnology), was used as a loading control.

Statistical Analysis

All statistical analyses were performed with SPSS software

(version 15.0; SPSS Inc, Chicago, IL, USA). Values were

expressed as means ± SD. Statistical analyses were per-

formed using the unpaired Student’s t test or one way

ANOVA. Data with a p value \0.05 were considered

statistically significant.

Results

Insulin Sensitivity was Impaired in OLETF Rats Fed

the SFA Diet and Maintained in Those Fed the MUFA

Diet

To evaluate the extent of insulin resistance developed in

OLETF rats from each group, we performed ITT and

OGTT. The glucose disposal rate between 15 and 30 min

after insulin administration was significantly reduced in
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rats fed the SFA diet, as compared with rats fed the chow

diet or the MUFA diet (Fig. 1a). OGTT showed that the

blood glucose levels of rats fed the SFA diet were signif-

icantly higher than those of rats fed the chow diet or the

MUFA diet for all time intervals tested (Fig. 1b).

Dietary SFA Altered the IRS-1/PI3K Pathway

and IRS-2 and ERK1/2 Activity

To investigate the effect of dietary fatty acid composition

on insulin signal transduction in skeletal muscle, we

evaluated the mRNA expression of IRS-1 and -2 in vastus

lateralis muscle from OLETF rats in each group. Muscle

IRS-1 mRNA expression was significantly reduced in rats

fed the SFA diet, as compared with those fed the normal

chow diet; however, the MUFA diet did not change the

mRNA expression of muscle IRS-1, as compared with the

chow diet (chow vs. SFA vs. MUFA, 1.00 ± 0.06 vs.

0.46 ± 0.03 vs. 0.96 ± 0.05 AU, p \ 0.001) (Fig. 2a). The

protein abundance of IRS-1 and phosphorylated IRS-1 in

the whole homogenate of skeletal muscle sample showed

the same tendency with mRNA expression(IRS-1, chow

vs. SFA vs. MUFA, 1.00 ± 0.17 vs. 0.36 ± 0.16 vs.

0.96 ± 0.20 AU, p \ 0.001; p-IRS-1, chow vs. SFA vs.

MUFA, 1.00 ± 0.15 vs. 0.17 ± 0.09 vs. 0.87 ± 0.19 AU,

p \ 0.001) (Fig. 2a and 2b). On the contrary, muscle IRS-2

mRNA expression and protein abundance of IRS-2 and

phosphorylated IRS-2 increased in rats fed the SFA diet, as

compared with rats fed the chow diet, whereas there was no

difference in muscle IRS-2 expression between rats fed the

MUFA diet and the chow diet (mRNA, chow vs. SFA vs.

MUFA, 1.00 ± 0.05 vs. 1.77 ± 0.04 vs. 1.08 ± 0.08 AU,

p \ 0.001; protein, IRS-2, chow vs. SFA vs. MUFA,

1.00 ± 0.14 vs. 1.72 ± 0.33 vs. 0.87 ± 0.26 AU, p \
0.001; protein, p-IRS-2, chow vs. SFA vs. MUFA,

1.00 ± 0.36 vs. 3.97 ± 0.58 vs. 0.57 ± 0.45 AU,

p \ 0.001) (Fig. 3). To investigate the activation of PI3K

and ERK1/2, the downstream protein kinases of IRS-1 and

-2, we also measured the protein abundance of phosphor-

ylated p85 subunit of PI3K and phosphorylated ERK1/2 in

the whole homogenate of skeletal muscle sample. In

OLETF rats fed the SFA diet, the level of p-PI3K p85 was

decreased and the level of p-ERK1/2 was significantly

increased, as compared with rats fed the chow diet,

whereas there was no difference in p-PI3K p85 and

p-ERK1/2 between rats fed the chow diet and the MUFA

diet (p-PI3K p85, chow vs. SFA vs. MUFA, 1.00 ± 0.06

vs. 0.36 ± 0.06 vs. 0.97 ± 0.07 AU, p \ 0.001; p-ERK1/

2, chow vs. SFA vs. MUFA, 1.00 ± 0.08 vs. 5.59 ± 0.54

vs. 1.11 ± 0.16 AU, p \ 0.001) (Fig. 4).

Dietary SFA Reduced GLUT4 Membrane

Translocation in Rat Skeletal Muscle

We investigated the whole cell and sarcolemmal membrane

expression of GLUT4 in vastus lateralis muscle from

OLETF rats in each group to investigate whether alteration

in the IRS-1/PI3K pathway by dietary SFA affected

GLUT4 membrane translocation. There was no difference

in GLUT4 protein abundance in whole cell lysates of

muscle samples from each experimental diet group

(Fig. 5a). However, GLUT4 protein abundance in the

muscle plasma membrane was significantly reduced by the

SFA diet, compared to the normal chow diet (chow vs.

Fig. 1 The effect of dietary fatty acid composition on intraperitoneal

insulin tolerance test and oral glucose tolerance test. a Intraperitoneal

insulin tolerance test in OLETF rats fed the 3 experimental diets for

3 weeks (n = 10 in each group). The change in blood glucose above

the basal level is depicted. b Oral glucose tolerance test in OLETF

rats fed the 3 experimental diets for 3 weeks (n = 10 in each group).

chow normal chow diet, MUFA monounsaturated fatty acid (olive oil)

enriched high-fat diet, SFA saturated fatty acid (lard oil) enriched

high-fat diet, *p \ 0.05 versus chow
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SFA, 1.00 ± 0.23 vs. 0.34 ± 0.15 AU, p \ 0.001)

(Fig. 5b). In contrast, GLUT4 protein abundance in muscle

plasma membrane of rats fed the MUFA diet was not

different from that in rats fed the chow diet.

Discussion

In this study, we observed the effect of dietary fatty acid

composition of a high-fat diet on the insulin signaling

pathway and GLUT4 membrane translocation in skeletal

muscle of OLETF rats, a type 2 diabetic animal model.

Insulin sensitivity measured by ITT was attenuated in the

SFA group, whereas the MUFA group showed improved

insulin sensitivity, compared with the SFA group. We

focused on the insulin sensitivity of skeletal muscle for this

study because the skeletal muscle is the major site of

insulin-stimulated glucose disposal (reviewed in [1]).

First, we investigated the effect of dietary SFA on the

insulin signaling pathway in vastus lateralis muscle of

OLETF rats. The association of dietary SFA and insulin

resistance of skeletal muscle can be explained by several

Fig. 2 The effect of dietary fatty acid composition on IRS-1

expression in skeletal muscle. RT-PCR and western blot analysis

were performed on vastus lateralis muscle samples of OLETF rats fed

the 3 experimental diets for 3 weeks (n = 10 in each group). a Semi-

quantitative RT-PCR for IRS-1. b Western blot showing total IRS-1

protein level. c Western blot showing phosphorylated IRS-1 (Tyr896)

protein level. IRS-1 insulin receptor substrate-1, p-IRS-1 phosphor-

ylated IRS-1, GAPDH glyceraldehyde-3-phosphate dehydrogenase,

AU arbitrary unit, chow normal chow diet, SFA saturated fatty acid

(lard oil) enriched high-fat diet, MUFA monounsaturated fatty acid

(olive oil) enriched high-fat diet, *p \ 0.05 versus chow

Fig. 3 The effect of dietary fatty acid composition on IRS-2

expression in skeletal muscle. RT-PCR and western blot analysis

were performed on vastus lateralis muscle samples of OLETF rats fed

the 3 experimental diets for 3 weeks (n = 10 in each group). a Semi-

quantitative RT-PCR for IRS-2. b Western blot showing total IRS-2

protein level. c Western blot showing phosphorylated IRS-2 (Ser731)

protein level. IRS-2 insulin receptor substrate-2, p-IRS-2 phosphor-

ylated IRS-2, GAPDH glyceraldehyde-3-phosphate dehydrogenase,

AU arbitrary unit, chow normal chow diet, SFA saturated fatty acid

(lard oil) enriched high-fat diet, MUFA monounsaturated fatty acid

(olive oil) enriched high-fat diet, *p \ 0.05 versus chow
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mechanisms. The traditional explanation proposes that

dietary fatty acid composition affects the composition of

cell membranes and membrane function such as GLUT4

translocation or insulin receptor affinity [13]. Recently,

several studies reported a direct effect of dietary fatty acid

composition or lipid oversupply on gene expression,

enzyme activity, and signal transduction associated with

insulin sensitivity (reviewed in [1]). Accumulation of lipid

metabolites and mitochondrial dysfunction were also

reported as possible mechanisms of the SFA-induced

insulin resistance [9, 10, 14, 15]. Our results showed that the

SFA-rich high-fat diet reduced IRS-1 mRNA expression

and protein abundance of total IRS-1 and activated IRS-1,

whereas this diet increased IRS-2 and activated IRS-2.

IRS-1 and -2 are the docking proteins of the insulin

receptor; the proteins are recruited to the receptor after

Fig. 4 The effect of dietary fatty acid composition on the phosphor-

ylation of PI3K and ERK1/2 in skeletal muscle. Western blot analysis

of vastus lateralis muscle from OLETF rats fed the 3 experimental

diets for 3 weeks (n = 10 in each group). a Western blot showing

phosphorylated p85 subunit of PI3K (Tyr458) protein level.

b Western blot showing phosphorylated ERK1/2 (Tyr204) protein

level. p-PI3K p85 phosphorylated p85 subunit of phosphoinositol

3-kinase, p-ERK1/2 phosphorylated extracellular signal-regulated

kinase 1/2, AU arbitrary unit, chow normal chow diet, SFA saturated

fatty acid (lard oil) enriched high-fat diet, MUFA monounsaturated

fatty acid (olive oil) enriched high-fat diet, *p \ 0.05 versus chow

Fig. 5 The effect of dietary fatty acid composition on GLUT4

membrane translocation in skeletal muscle. Western blot analysis of

vastus lateralis muscle from OLETF rats fed the 3 experimental diets

for 3 weeks (n = 10 in each group). a Western blot showing GLUT4

protein level in whole cell lysate. b Western blot showing GLUT4

protein level in plasma membrane. GLUT4 glucose transporter type 4,

AU arbitrary unit, chow normal chow diet, SFA saturated fatty acid

(lard oil) enriched high-fat diet, MUFA monounsaturated fatty acid

(olive oil) enriched high-fat diet, *p \ 0.05 versus chow
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insulin binding and play a central role in the translocation of

GLUT4. In skeletal muscle, IRS-1, and to a lesser extent,

IRS-2, appear to be particularly important in the control of

glucose metabolism through activation of the PI3K pathway

(reviewed in [1]). Recent studies have reported that IRS-1

and IRS-2 have distinct regulatory functions in insulin

signaling pathway [16, 17]. Zheng et al. [16] reported that

dexamethasone treatment reduced IRS-1 protein and PI3K/

Akt signaling and increased IRS-2 protein and MEK/ERK

signaling in rat L6 myotubes. Piro et al. reported that pal-

mitate treatment reduced IRS-1/PI3K/Akt signaling and

increased IRS-2/ERK signaling in pancreatic a-cell line.

Considering that dexamethasone, palmitate and the SFA-

rich high-fat diet are responsible for insulin resistance, as

well as on the basis of our results showing the different

effect of the SFA-rich high-fat diet on skeletal muscle IRS-

1 and -2 expressions, we hypothesized that dietary SFA

might reduce IRS-1/PI3K signaling and increase IRS-2/

ERK signaling in rat skeletal muscle. As expected, our data

were consistent with previous studies mentioned above; the

protein abundance of activated PI3K was reduced in the

skeletal muscle of the SFA group, whereas activated ERK1/

2 was increased by dietary SFA. Altogether, our results

suggest that the alteration in the IRS-1/PI3K pathway plays

a crucial role in SFA-induced insulin resistance in skeletal

muscle. In addition, IRS-2 might play a minor role in SFA-

induced insulin resistance and the downstream effect of

increased IRS-2 appears to be limited to increasing ERK1/

2-mediated mitogenic properties, not affecting PI3K-med-

iated insulin-induced glucose disposal in skeletal muscle.

The mechanism underlying this difference in SFA-induced

changes in IRS-1 and IRS-2 expression is unclear. Although

some clues may be provided by studies showing that

Forkhead box O3a (FOXO3a) mediates signaling crosstalk

between IRS-1 and -2 during glucocorticoid-induced skel-

etal muscle atrophy [16], further investigation is needed.

We also demonstrated that GLUT4 membrane translocation

in skeletal muscle was decreased in SFA diet-fed rats, as

compared with those fed the chow diet. This result shows

that the alteration in the IRS-1/PI3K pathway by dietary

SFA affects the GLUT4 membrane translocation and might,

therefore, reduce insulin-stimulated glucose disposal in

skeletal muscle.

We also investigated the effect of dietary MUFA in the

high-fat diet condition on the insulin signaling pathway in

skeletal muscle of OLETF rats. The changes in IRS-1/-2,

p-PI3K p85, and p-ERK1/2 induced by dietary SFA

completely disappeared when SFA was substituted by

MUFA; there was no difference in IRS-1 and -2 expres-

sion or in levels of activated PI3K and ERK1/2 between

rats fed the MUFA-rich high-fat diet and those fed the

chow diet. Our results are consistent with previous find-

ings that the prevention of palmitate-induced insulin

resistance by oleate in L6 muscle cells is associated with

the ability of oleate to maintain insulin signaling through

PI3K [18]. GLUT4 membrane translocation was also

preserved in skeletal muscle of the MUFA group. Thus,

despite their high-fat diet, the MUFA group had an intact

IRS-1/PI3K pathway and maintained GLUT4 membrane

translocation and insulin-stimulated glucose disposal in

skeletal muscle. Our results are consistent with several

randomized controlled clinical studies showing that die-

tary MUFA improves insulin sensitivity, compared with

the SFA-rich diet [2–5]. According to a recent review,

consumption of SFA instead of MUFA may worsen glu-

cose-insulin homeostasis, especially among individuals

predisposed to insulin resistance [19]. We used a type 2

diabetic animal model for this study; thus, the results of

the present study suggest a possible mechanism for the

beneficial effect of dietary MUFA, especially in type 2

diabetic patients consuming high-fat diet.

One limitation of this study is that we did not measure

the insulin-stimulated glucose disposal of skeletal muscle

using radioisotopes. However, to our knowledge, this is the

first in vivo study to investigate the effect of dietary fatty

acid composition on the insulin signaling pathway and

subsequent GLUT4 translocation in skeletal muscle for a

type 2 diabetic status under conditions of a high-fat diet.

Considering the reality that the majority of diabetic patients

fail to reduce the amount of fat or calories in their diet

[20–22], this study provides meaningful information that a

MUFA-enriched diet could allow diabetic patients to

maintain insulin sensitivity even if they continue to con-

sume a high-fat diet.

In conclusion, we showed a beneficial effect of dietary

MUFA on insulin sensitivity in a type 2 diabetic model

with high-fat diet conditions. This beneficial effect of

dietary MUFA, as compared with SFA, is associated with

an intact insulin signaling pathway through IRS-1/PI3K

and maintenance of GLUT4 membrane translocation in

skeletal muscle, both of which were altered by dietary

SFA. This study might provide an experimental rationale

for dietary advice for type 2 diabetic patients.
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address its underlying causes is an important public health

priority. Dysregulated lipid metabolism leading to elevated

low density lipoprotein (LDL)-cholesterol (C) and low

plasma high density lipoprotein (HDL)-C are important

CVD risk factors [1–6]. With wider use of the statins, low

HDL-C has emerged as the most important lipoprotein

disorder for which current therapies are inadequate. The

need for new approaches is highlighted by the failed trial

of a cholesteryl ester transfer protein (CETP) inhibitor

[7]. Although hypertriglyceridemia and low HDL-C are

mechanistically linked, the latter is more strongly corre-

lated with CVD mortality [2]. HDL-C and cardioprotection

are mechanistically linked by reverse cholesterol transport

(RCT), the transfer of cholesterol from macrophages in the

subendothelial space to the liver for disposal [8]. The first

two RCT steps are macrophage cholesterol efflux and

cholesterol esterification in plasma [8]. Thus, an interven-

tion that enhances both of these steps could be a thera-

peutically useful new approach to improve RCT.

A recombinant (r) virulence determinant from Strepto-

coccus pyogenes [9], serum opacity factor (SOF), delipi-

dates human HDL yielding a cholesteryl ester-rich

microemulsion (CERM), lipid-free apo A-I and a ‘‘neo

HDL’’ [10–12]. Given that neo HDL is more phospholipid-

rich than HDL and that cholesterol efflux and esterification

are increased by increased phospholipid content of accep-

tors and substrates, respectively [13–16], we tested the

effects of SOF-mediated conversion of HDL in whole

plasma to neo HDL on efflux and esterification.

Experimental Procedures

Materials

Total lipoproteins (TLP) and HDL were isolated from

human plasma obtained from The Methodist Hospital

Blood Donor Center by addition of KBr to d = 1.21 g/mL

and flotation (48 h at 40,000 rpm, Beckman Ti 50.2 rotor).

VLDL, LDL, HDL and lipoprotein-deficient serum (LPDS)

were isolated by sequential flotation at d = 1.012, 1.063

and 1.21 g/mL, respectively. Lipoprotein purity was veri-

fied by size exclusion chromatography (SEC) and SDS-

PAGE. Protein was determined with a kit (BioRad DC

assay) using BSA as a standard. LDL was stored at 4 �C

under nitrogen gas and used within 14 days. OxLDL was

prepared by exposing LDL to 5 lmol/L CuSO4 for 24 h at

37 �C [17]. Lipid oxidation was verified by an assay for

thiobarbituric acid-reactive substances; precautions were

taken to exclude endotoxin. Neo HDL was prepared by

incubating HDL (*2 mg/mL) and rSOF (1 lg/mL) in

47.5 mL overnight at 37 �C. The reaction mixture was

adjusted to a d = 1.063 g/mL with KBr and centrifuged for

18 h at 45,000 rpm (Beckman Ti 50.2 rotor). The upper

half of the tube was removed by aspiration. The bottom

half was adjusted to a d = 1.24 g/mL with KBr and cen-

trifuged as above for 40 h. The neo HDL removed from the

top was pure as assessed by SEC [12]. Tris-buffered saline

(TBS = 10 mM Tris, 100 mM NaCl, 1 mM EDTA,

pH 7.4) was used throughout unless otherwise specified.

[3H]Cholesterol was from Amersham Biosciences (Piscat-

away, NJ, USA). Buffer salts were from Fisher Scientific,

Inc., (Rockville, MD, USA). A recombinant polyhistidine-

tagged, truncated form of sof2, encoding amino acids

38–843 (rSOF) was cloned and expressed in Escherichia

coli and purified by metal affinity chromatography [10].

Effect of rSOF on LCAT Cholesterol Esterification

HDL was labeled with [3H]cholesterol (*100 lCi) by

injection of an ethanolic solution [15] and split into two

equal aliquots; rSOF (1 lg/mL) was added to one and an

equal volume of saline was added to the other and incubated

overnight at 37 �C. On ice, the fractions were recombined as

follows: (a) [3H]HDL ? (LDL ? VLDL) ? LPDS, (b)

rSOF-treated [3H]HDL ? (LDL ? VLDL) ? LPDS, (c)

[3H]HDL ? LPDS, and (d) rSOF-treated [3H]HDL ?

LPDS. TBS was added to each sample to give equal vol-

umes. The samples were incubated at 37 �C for 30 min and

transferred to ice. Triplicate aliquots (100 lL) of each

incubation were b-counted. Another set of triplicate aliquots

were extracted with 4 mL hexane and the phases separated

by low speed centrifugation for 5 min; 3-mL aliquots of the

upper layer were evaporated under nitrogen and the residue

dissolved in 30 lL chloroform. CE and FC were resolved by

thin layer chromatography (Whatman TLC silica gel

60A plates) in hexane/diethyl ether/acetic acid (75:35:1, by

volume). After spraying the plates with Primuline dye

(Sigma–Aldrich, St. Louis, MO, USA), FC and CE bands

were identified by comparison with standards. The FC and

CE were collected and quantified by b-counting. A 200-lL

aliquot of each incubation mixture was analyzed by SEC to

determine the distribution of radiolabel into CERM, VLDL,

LDL, HDL and neo HDL. SEC profiles of the LCAT reac-

tion products were determined essentially as described [11]

using an Amersham Pharmacia ÄKTA chromatography

system equipped with two Superose HR6 columns in tan-

dem. Samples were injected into the chromatograph using a

0.2-mL sample loop, and eluted with TBS; 1-mL fractions

were collected and analyzed by b-counting.

Effects of rSOF Activity Against Lipoproteins

on Cellular Cholesterol Efflux

Plasma, TLP, HDL, and the products of their reactions with

rSOF were extensively dialyzed at 4 �C against TBS and
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tested as acceptors of cholesterol from the human mono-

cyte-derived macrophage cell line, THP-1 (American Type

Culture Collection). THP-1 cells were maintained in RPMI

1640 with 10% FBS, 100 U/mL penicillin, 100 mg/mL

streptomycin, 1 mM sodium pyruvate and 2 mM gluta-

mine. Cholesterol efflux was assayed as described previ-

ously [15, 16, 18]. In brief, THP-1 cells were seeded and

activated with 0.1 lg/mL phorbol 12-myristate 13-acetate

for 24 h. Cells were then labeled in serum-containing

medium with [1a, 2a(n)-3H]cholesterol (specific radioac-

tivity 1.81 TBq/mmol, final radioactivity 74 KBq/mL) at

37 �C for 48 h in a CO2 incubator at which time they were

*80% confluent. After labeling, cells were washed twice to

remove excess label, and incubated for an additional 18 h in

serum-free medium to ensure equilibration of labeled cho-

lesterol into all intracellular pools. During this phase, the

THP-1 medium contained the LXR agonist T0901317

(1 lM) to activate the macrophage in a way that increased

the activities of ABCA1 and ABCG1 in cells that were not

cholesterol-loaded. To initiate the efflux assay, cells were

washed and incubated for 0–2 h at 37 �C in serum-free

medium containing various concentrations of human

plasma (0–8%), TLP, HDL, or neo HDL (10–200 lg/mL).

After incubation, the medium was collected, centrifuged,

and the supernatant analyzed by b-counting. Cell lipids

were extracted with isopropanol and analyzed by b-count-

ing. Cholesterol efflux (%E) was expressed as the percent-

age of total labeled cholesterol transferred from cells to the

medium. Efflux was compared on the basis of acceptor-

protein concentration and the data were fitted to the equa-

tion %E ¼ Emax � LPð Þ= Km þ LPð Þ½ �, where LP was the

lipoprotein concentration as protein, Emax was the maxi-

mum efflux and Km was the lipoprotein concentration at

half Emax using Systat-Sigma Plot (Point Richmond, CA,

USA).

Efflux via ABCA1 and ABCG1

Efflux from ABCA1 and ABCG1-expressing BHK cells

under a mifepristone-inducible promoter and MOCK

cells transfected with the pGene V5 His plasmid alone

were tested as reported by Vaughan and Oram [19].

ABCA1- and ABCG1-expressing BHK cells were labeled

with [3H]cholesterol to equilibrium 1 day prior to mife-

pristone treatment. ABCA1 and ABCG1 receptors were

induced by incubating cells for 18–20 h in DMEM with

1 mg/mL fatty acid free bovine serum albumin and

10 nM mifepristone. Unactivated cells (no mifepristone)

were used as a negative controls. Transporter-specific

efflux was calculated as the difference between efflux

from ABCA1 and ABCG1-expressing cells with and

without activation.

Comparison of the Effects of HDL and Neo HDL

on Inflammatory IL-6 and TNF-a

Mouse peritoneal macrophages were collected from

C57Bl/6 J mice 2 days after mineral oil injection and

seeded in RPMI-1640 medium supplemented with 5% BSA

in 96-well plates at *105cells/well and cultured for 1 day.

HDL and neo HDL were preincubated with OxLDL at ratio

of 1:1 protein for 1 h at 37 �C. Cells were treated with

OxLDL(100 lg/mL), HDL(100 lg/mL) and neo HDL(100

lg/mL), HDL-OxLDL (100 lg/mL each), and neo HDL-

OxLDL(100 lg/mL each), respectively. IL-6 and TNF-a
concentrations in the media were measured by ELISA kits

(BD Bioscience) 18 h after treatment.

Statistical Tests

Statistical analysis of data was done as indicated in the

figure legends, using the t test for pairs of means, one-way

ANOVA with Tukey’s post hoc test for multiple compar-

isons, and two-way ANOVA with Bonferroni post tests for

regression plots, using SPSS and GraphPad Prism statisti-

cal software.

Results

Macrophage Cholesterol Efflux

Cholesterol efflux from THP-1 macrophages to plasma

(1%) and TLP (25 lg/mL) were linear with time and

increased by preincubation with rSOF; efflux to neo HDL

formed from treatment of HDL with rSOF was also higher

than that to HDL (Fig. 1a–c). The respective ratios of the

rates of efflux to the rSOF-derived acceptors to controls

were 2.4, 3.3, and 2.6. Increasing the rSOF pre incubation

time increased cholesterol efflux and the production of neo

HDL and CERM (Supplementary Figs. 1, 2).

[3H]Cholesterol efflux kinetics from THP-1 macro-

phages to various acceptors with and without rSOF treat-

ment were also measured. The acceptors were, respectively,

plasma ± rSOF, TLP ± rSOF, HDL ± rSOF reaction

mixtures and isolated HDL and neo HDL (Fig. 2a–d).

Efflux from cholesterol-loaded macrophages to plasma

was also measured (Fig. 2a, insert). rSOF treatment

improved the global parameter of cholesterol efflux,

Cateff ¼ Vmax=Km(Supplementary Table 1). The Cateff for

acceptors that were rSOF-derived were 2–3 times higher

than those of the acceptors from which they were formed

(Supplementary Table 1). When measured as mass, mac-

rophage cholesterol efflux to HDL after incubation with

rSOF increased with the addition of the LXR agonist
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(TO-901317) both with and without cholesterol loading

(Supplementary Fig. 3).

We identified the plasma acceptors of cellular

[3H]cholesterol after 15 min and 2 h efflux times by SEC.

After a 15-min incubation of 3% plasma with cells, most of

the cell-derived [3H]cholesterol co-eluted with HDL and

VLDL (Fig. 3a). In contrast, [3H]cholesterol effluxed to

3% plasma pre-treated for 3 h with rSOF co-eluted with

neo HDL and CERM ? VLDL (Fig. 3a). After longer

incubation (2 h) with macrophages the SEC profiles indi-

cated more transfer to CERM and LDL for rSOF-treated

plasma than to VLDL and LDL for control (Fig. 3b).

Similar experiments were conducted with TLP, which
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lacks lipid transfer protein and LCAT activities. At 15 min,

[3H]cholesterol appeared in all lipoprotein subclasses but at

2 h, a greater fraction was in LDL. (Supplementary Fig. 4).

Similarly, SEC showed that cell-derived cholesterol asso-

ciates with HDL and neo HDL when they were used as

acceptors (Supplementary Fig. 5a, c), and efflux to all

acceptors was greater at 2 h than at 15 min. When the total

rSOF-HDL reaction mixture was used as acceptor,

[3H]cholesterol was found in both the neo HDL and the

CERM (Supplementary Fig. 5b), and the presence of

CERM promoted more total efflux than neo HDL alone at

both 15 min and 2 h. Finally, macrophage cholesterol

efflux to plasma depleted of apo B-containing lipoproteins

increased when the preincubation time with rSOF was

increased from 15 to 120 min. With the longer preincu-

bation time, more neo HDL and CERM were formed, and

there was a corresponding increase in association of

[3H]cholesterol with CERM and neo HDL instead of HDL

(Supplementary Fig. 6).

Efflux via ABCA1 and ABCG1

FC efflux from ABCG1-expressing BHK cells to neo HDL

and HDL were not significantly different (Fig. 4). In con-

trast, FC efflux from ABCA1-expressing BHK cells to neo

HDL was higher than that to HDL (Fig. 4).

Remodeling of HDL and Neo HDL

HDL-[3H]cholesterol and neo HDL-[3H]cholesterol were

incubated with HDL-deficient plasma in amounts that

restored the original plasma protein compositions. The

LCAT reactivity of neo HDL was higher (?68%) than that

of HDL (Fig. 5, left bars). Comparison of the LCAT

reactivity of neo HDL and HDL (Fig. 5, right bars),

showed CE production from neo HDL was higher than that

from HDL (?165%). These samples were also analyzed by

SEC, which showed that association of radiolabel with

lipoproteins decreased as LDL [ HDL [ VLDL (Fig. 6a).

When the HDL was replaced by rSOF-treated HDL the

distribution decreased as LDL [ CERM [ neo HDL. The

experiment with HDL and neo HDL without the apo

B-containing lipoproteins showed that most remodeled neo

HDL-[3H]cholesterol was associated with CERM while

most HDL-[3H]cholesterol remained in the HDL peak

(Fig. 6b). The enhancement of cholesterol esterification

increased with rSOF dose (Supplementary Fig. 7).
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The major fractions from Fig. 6 were used to determine

the fraction of cholesterol as ester. HDL-[3H]cholesterol

and rSOF-treated HDL-[3H]cholesterol, which contains

CERM, neo HDL and lipid-free apo A-I [11], were incu-

bated with HDL-deficient plasma and the distribution

of [3H]cholesterol into CE determined (Supplementary

Fig. 8a). With rSOF treatment the formation of [3H]CE

increases and shifts to the non HDL fractions. The fractions

of [3H]CE in the neo HDL and the CERM/VLDL fraction

were highest. A similar experiment in which LPDS was

incubated with HDL-[3H]cholesterol at their original

plasma concentrations showed that at 30 min *40% of the

total cholesterol in HDL was CE (Supplementary Fig. 8b).

When HDL-[3H]cholesterol was replaced by rSOF-treated

HDL-[3H]cholesterol only 20% of the total cholesterol in

neo HDL was esterified. However, more than 60% of the

total cholesterol in the coexisting CERM fraction was

esterified. Thus, most of the [3H]cholesterol in the CERM

peak in Fig. 6a was CE.

Comparative Attenuation of OxLDL-Induced Cytokine

Secretion by Mouse Peritoneal Macrophages by HDL

and Neo HDL

The effects of HDL and neo HDL on the secretion of the

cytokines, IL-6 and TNF-a, by mouse peritoneal macro-

phages exposed to OxLDL were compared. Both lipopro-

teins elicited a dose-dependent reduction in IL-6 and TNF-a
secretion that was greater for neo HDL (Supplementary

Fig. 9). The effects at a single concentration were com-

pared in detail (Fig. 7). These data showed that neither

HDL nor neo HDL alone affected cytokine secretion elic-

ited by LDL. In contrast, TNF-a and IL-6 secretion elicited

by incubation of macrophages with OxLDL was reduced

by coincubation with either HDL or neo HDL, with the

effect of the latter being 96 and 103% greater (p \ 0.05 for

both).

Discussion

To simulate a physiological setting, we compared efflux to

plasma with and without preincubation with rSOF and

found that the parameters for efflux were improved by

rSOF treatment and that efflux increased with longer
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or rSOF-HDL plus LPDS. Subtracting the radiolabel in HDL or neo

HDL showed that SOF treatment increased the non HDL-associated

cholesterol from 22 to 65%. A similar pattern was observed when the

incubation with LPDS was reduced to 15 min. Some [3H]cholesterol

associated with a peak labeled ‘‘?’’ that was not identified but was

likely a component of LPDS because it appears both a and b
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incubation times. Kinetic parameters for efflux to TLP,

which lacks the lipid transfer proteins and LCAT of

plasma, were similarly improved. In both plasma and TLP,

the initial acceptor with and without rSOF-treatment,

respectively, appears to be neo HDL and HDL because the

fraction of [3H]cholesterol in these particles was higher at

15 min than at 2 h (Fig. 3 and Supplemental Fig. 4). At

both 15 min and 2 h, the distribution of [3H]cholesterol

was different for plasma and TLP. With plasma as the

acceptor, more of the radiolabel was in the VLDL/CERM

fraction, while with the TLP acceptor, more radiolabel was

in LDL, an effect that was more profound at 2 h than at

15 min. This difference was likely due to the presence of

CETP and LCAT activities in plasma but not in TLP. In the

absence of LCAT activity, [3H]cholesterol remained une-

sterified and was spontaneously transferred from HDL or

neo HDL to other lipoproteins. In contrast, in plasma

[3H]cholesterol was converted to its ester, which requires

CETP for transfer to other lipoproteins, a process that was

much slower than that of spontaneous [3H]cholesterol

transfer from HDL [20–23].

[3H]Cholesterol efflux to rSOF-treated HDL and iso-

lated neo HDL was greater than that to HDL. This finding

further supports the hypothesis that the increased efflux to

plasma and TLP post-rSOF treatment is due to a more rapid

initial transfer to neo HDL than to HDL (Supplementary

Fig. 5a, c). Notably, a large fraction of the [3H]cholesterol

efflux to rSOF-treated HDL appeared in the CERM fraction

(Supplementary Fig. 5b). As with TLP, the fraction of

[3H]cholesterol in the CERM was greater at 2 h than at

15 min. This further supported our hypothesis that

[3H]cholesterol transfer to non-neo HDL fractions in TLP

was spontaneous free cholesterol transfer and that choles-

terol desorbs more rapidly from neo HDL than from HDL.

This was consistent with data showing that spontaneous

lipid transfer rates increase with decreasing particle size

according to the Kelvin equation [21].

Differences in the size, charge, apo composition and PL

content of neo HDL and HDL might be mechanistically

linked to differences in cholesterol efflux. Size probably

does not play an important role in the rate differences.

When normalized to PL content, there was no difference in

efflux to rHDL of varying size and when normalized to

particle number at constant PL concentration, cellular FC

efflux to larger particles was more efficient [22], the

opposite of our observations. Although HDL can have

either a or pre b mobility and the latter was a preferred

plasma acceptor of cholesterol, there was little evidence

that charge was an important efflux discriminator. In con-

trast, the higher PL and apo A-II content of neo HDL

compared to HDL [10, 11] could underlie the differences.

Other studies support this; normalized to PL content

ABCG1-mediated FC to rHDL efflux is more highly cor-

related with apo A-II (r2 = 0.7) than with apoA-I

(r2 = 0.5); the underlying mechanism for this has not been

identified. On the other hand, both spontaneous and

ABCG1-mediated efflux increases with HDL-PL [24, 25].

This is supported by numerous studies with both rHDL and

modified plasma HDL [13–16]. Indeed, the similar

increases in efflux to neo HDL and to rSOF-treated plasma

versus HDL and untreated plasma, respectively, are com-

pelling evidence that neo HDL and not lipid-free apo A-I,

which is also formed by rSOF [10], is the mechanistic link

to increased efflux in plasma.

The studies of efflux from cells expressing ABCA1 and

ABCG1 provide clues to the source of the increased efflux

to neo HDL (Fig. 4). The higher efflux to neo HDL versus
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Fig. 7 Comparative attenuation of OxLDL-induced secretion of

cytokines by HDL and neo HDL. HDL and neo HDL attenuated

OxLDL-induced IL-6 and TNF-a production in a dose-dependent

manner (Supplemental Fig. 9). For the data shown here, OxLDL

(100 lg/mL) was preincubated with 100 lg/mL of HDL or neo HDL

for 1 h at 37 �C. Cells were then incubated with OxLDL, HDL, neo

HDL, HDL ? OxLDL and neo HDL ? OxLDL for 16 h. IL-6 and

TNF-a secretion were measured by ELISA. One-way ANOVA

analysis with Tukey’s post-test indicated the means were significant

as indicated ***p \ 0.001, **p \ 0.01, *p \ 0.05
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HDL again showed that neo HDL was a superior acceptor.

More importantly, the higher efflux from the ABCA1-

expressing cells suggests that this transporter mediates the

efflux to neo HDL. A role for lipid-free apo A-I cannot be

excluded in the efflux from plasma and TLP. However, the

similar increases in Cateff for efflux to plasma, TLP and

isolated neo HDL, which contains no lipid-free apo A-I,

suggests that neo HDL and not lipid-free apo A-I was the

major acceptor. Although it has been suggested that

ABCG1 is an important mediator of efflux to lipidated

species [26], other studies have not supported this and have

shown that pre b1-HDL is an efficient FC acceptor via

ABCA1 [27]. Given the similarity between neo HDL and

pre b1-HDL particles with respect to size, smaller than

HDL, efficient efflux via ABCA1 was not unexpected. This

finding was interesting in the context of the report that

cholesterol efflux to plasma correlates better with the

concentration of pre b1-HDL than with that of HDL [28].

LCAT Reactivity of HDL and Neo HDL

CE formation via LCAT was higher (?68%) in plasma

treated with rSOF than in untreated control plasma. LCAT

catalyzed CE formation in neo HDL, the product of rSOF,

was even higher (?165%) than that of HDL. The smaller

increase in whole plasma may be due to some binding of

LCAT to other lipoproteins such as LDL which is a poorer

substrate [29]. Similarly, the higher rate of CE formation

from neo HDL than from HDL suggests that higher neo

HDL-reactivity underlies the differences observed in

plasma. The higher rate of esterification in both rSOF-

treated plasma versus control plasma and isolated HDL

versus neo HDL, may be due to the higher PL content of

neo HDL versus HDL [10, 11] and the transfer of CE to

CERM which could produce some modest relief of product

inhibition. The more likely explanation is that neo HDL

has a lower FC/PL ratio than HDL and that high cholesterol

concentrations are inhibitory; the optimal FC/PL ratio for

LCAT activity is 12.5 mol%, above which activity declines

[30]. This optimum is considerably lower than the FC/PL

ratio of native HDL, *25 mol% [31].

According to SEC of the respective products of the

LCAT reaction against HDL and rSOF-treated HDL in

whole plasma, most of the radiolabel occurs with

LDL ? VLDL and LDL ? VLDL/CERM. However, the

radiolabel in the VLDL/CERM fractions was higher than

that of the VLDL (Fig. 6a). A similar experiment in which

the reaction mixture does not contain VLDL or LDL also

showed increased radiolabel in the CERM (Fig. 6b) sug-

gesting that the increased radiolabel seen in the void vol-

ume of Fig. 6a was bound to CERM as CE and not to

VLDL (Fig. 6). Whether the appearance of additional

cholesterol in apo B lipoproteins is beneficial cannot be

stated with certainty. One view is that any increase in

cholesterol in VLDL and LDL is atherogenic. However,

others opine that transfer to the apo B lipoproteins helps

clear more cholesterol via the non-HDL receptors. New

work in our laboratory shows that the CE transferred from

HDL to CERM by rSOF is rapidly taken up by hepatocytes

in vitro [32] and in vivo in mice, cleared from plasma into

the liver (Rosales et al., unpublished work).

Enhanced Reduction of Cytokine Secretion by Neo

HDL Versus HDL

Hypercholesterolemia is associated with increased numbers

of arterial macrophage foam cells, a hallmark of an

inflammatory state. HDL has anti inflammatory properties

that oppose the inflammatory properties of OxLDL, an

effect that may be due to enhanced cholesterol efflux to

HDL [33, 34]. Our data, which compare the effects of HDL

and neo HDL on the OxLDL-induced secretion of TNF-a
and IL-6, show neo HDL producing nearly twice the sup-

pression of these two markers of inflammation. Thus, the

rSOF reaction has the potential to reduce inflammation via

the formation of neo HDL.

rSOF: A Path to Improved RCT

Thus, rSOF activity against plasma might improve key

steps in RCT, which comprises macrophage cholesterol

efflux that forms nascent HDL and esterification of nascent

HDL-cholesterol by LCAT. First, rSOF treatment

increased cholesterol efflux under all conditions, plasma,

TLP, and isolated HDL. Cholesterol accumulation in

macrophage foam cells induces an inflammatory response,

apoptosis, and other adverse effects associated with ath-

erogenesis [35]. Cholesterol efflux from macrophages to

HDL and apoA-I is one mechanism of atheroprotection

[36, 37].

Second, neo HDL was a better LCAT substrate than

HDL even in whole plasma. Although recent studies have

shown that LCAT may be less important in RCT than once

thought [38], in the context of rSOF the LCAT reaction

may be important to the final RCT step, hepatic CE uptake,

because a major fraction of HDL-cholesterol was trans-

ferred to the CERM mostly as its ester. Future studies in

vivo will determine the feasibility of an SOF-based ther-

apy, and provide a rationale for finding small molecules or

peptides that catalyze the SOF reaction.
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Abbreviations

CVD Cardiovascular disease

Milk Milk protein

Soy- Isoflavone-poor soy

Soy? Isoflavone-rich soy

TC Total cholesterol

TAG Triacylglycerol

Apo B-100 Apolipoprotein B-100

Apo A-I Apolipoprotein A-I

FDA Food and Drug Administration

VLDL Very-low density lipoprotein

AUC Area under the curve

BMI Body mass index

HDL-C High density lipoprotein cholesterol

constituent

NEFA Non-esterified fatty acids

ANOVA Analysis of variance

LDL-C Low density lipoprotein cholesterol

constituent

RLP-C Remnant-like particle-cholesterol

TRL Triacylglycerol rich lipoprotein

LDL Low density lipoprotein

HDL High density lipoprotein

LCAT Lecithin:cholesterol acyltransferase

Introduction

The efficacy of soy product consumption in reducing the

risk factors for cardiovascular disease (CVD) owing to

constituents beyond vegetarian diet benefits, such as fiber

content and the degree of saturation of fat, has recently

been questioned [44]. The US Food and Drug Adminis-

tration (FDA) used a meta-analysis by Anderson et al. [4]

as the basis for the food labeling health claim that: ‘‘Diets

low in saturated fat and cholesterol that include 25 g of soy

protein a day may reduce the risk of heart disease’’.

According to the US FDA’s health claim report card, this

claim receives a letter grade of ‘‘A’’ on account of ‘‘sig-

nificant scientific agreement’’. While a plethora of ran-

domized control trials demonstrate a salubrious effect of

soy protein [3, 32, 57, 62], other studies controvert these

benefits [20, 30, 31]. Of particular interest and for com-

parison are the limited findings in recent meta-analyses

regarding the efficacy of soy protein and isoflavone

constituents in altering the traditional blood lipid profile

(i.e., total cholesterol, low-density lipoprotein cholesterol,

high-density lipoprotein cholesterol, and triacylglycerol)

[42, 53, 61]. Furthermore, it is not clear whether these

modest findings are due to the isoflavone constituents as

once postulated, or to other innate components of Glycine

max (Linnaeus) Merrill such as phytate, saponins, and

storage proteins (i.e., conglycinin and glycinin; 7s and 11s

globulins, respectively) [13, 18, 21, 28, 55]. Other com-

plications in the soy controversy include differences in

the method employed to extract soy protein and process-

ing techniques on the bioavailability of soy constituents

(e.g., isoflavones, fiber, saponins, and fat), study design

(e.g., parallel vs. crossover), population studied (e.g., nor-

mo- vs. hyper-cholesterolemic; ethnicity), geographic area

of cultivation, cultivar used, and length of intervention

[6, 11, 15, 29, 41, 50, 53]. Moreover, the inter-individual

contradistinction of gastrointestinal microflora conversion

of daidzein to a more potent isoform, equol, affects the

bioavailability and potency (e.g., responders vs. non-

responders) of ingested isoflavones [29, 46, 50]. However,

this intimation has recently been challenged [7, 16, 54].

Conventional laboratory analysis of blood lipids requires

the patient to fast for 8–12 h prior to drawing blood, how-

ever, most individuals spend their time ostensibly in a

postprandial state, which may partially explain the dispar-

ities regarding the salubrious effect of soy [1]. Zilversmit

[63] first postulated that the etiology of atherogenesis may

be more wholly explained by analyzing triacylglycerol-rich

lipoproteins (i.e., chylomicrons ? VLDL) and subsequent

metabolic remnants. Three decades later, research has

progressively expounded upon this intimation by demon-

strating that the postprandial state may be an over-looked,

independent risk factor for future cardiac events [5, 8, 22,

26, 35, 36, 52]. Intriguingly, several studies have found that

triacylglycerol-rich lipoproteins and apolipoprotein B-48 (a

constituent protein marker identifying fats that are intesti-

nally derived) are elevated in patients with normal fasting

concentrations of TAG but who present with CVD com-

pared with matched healthy subjects after ingesting a high-

fat meal (i.e., lipid challenge) [17, 23, 39, 47]. Thus, studies

involving soy consumption and its effect on the traditional

lipid profile may be missing a more favorable, metabolic

processing of exogenous lipids. The first study to evaluate

the effect of a soy protein isolate on postprandial remnant-

like particles showed no change in fasting lipid concentra-

tions but a significant and more favorable decrease in

postprandial, remnant-like cholesterol concentration and

area under the curve (AUC) compared with an atherogenic

control (i.e., casein); after 3 weeks of supplementation in 11

Japanese males [48]. It is plausible then, that the salubrious

effect of soy may be more detectable during the postpran-

dial state rather than following an overnight fast and may be

more representative of an individual’s normal metabolic

state. Therefore, postprandial concentrations of lipoprotein
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constituents may be more sensitive and more indicative

factors of CVD risk.

The primary purpose of this study was to determine if

measuring postprandial concentrations of lipoprotein con-

stituents were more sensitive than the traditional lipid

profile for detecting any salubrious effects of consuming

soy protein with and without isoflavones. A secondary

purpose was to evaluate apolipoprotein B-100 and A-I

concentrations as potential mechanisms responsible for any

beneficial effects. Since soy studies have mostly been

myopic with respect to gender, we sought to describe the

effects of Soy- and Soy? in normolipidemic, sedentary

males.

Materials and Methods

Participants

This study was approved by the University at Buffalo’s

Human Subject’s Review Committee. Thirty-five men, with

mean ± SD values of 24.2 ± 2.3 years, 175.7 ± 6.6 cm,

73.9 ± 14.6 kg, and 23.8 ± 3.7 kg/m2 for age, height,

weight, and body mass index (BMI), respectively, were

recruited to participate voluntarily in a study investigating

the effects of soy on CVD risk factors from the Western

New York community. Informed consent was obtained

prior to participation in the screening process. Participants

were included in the study if they met the following criteria:

not taking cholesterol reducing medications, BMI between

18 and 26 kg/m2, non-habitual soy consumers, non-

extremist dietary practitioners (i.e., high protein and/or fat

intakes), and non-smokers. Participants were also screened

for fasting lipid (TC, HDL-C, and TAG) and glucose con-

centrations using the Cholestech L�D�X� (Cholestech

Corporation, Hayward, CA) and Accu-Chek Advantage

Analyzers (Roche Diagnostics Corporation, Indianapolis,

IN), respectively. A physician recorded the participant’s

medical history and performed a physical examination to

exclude those participants with a known history of cardio-

vascular, pulmonary, and metabolic diseases.

Anthropometric Measurements

Data for age, height, weight, BMI, body composition,

circumferences, and blood pressure were recorded and

previously published [45].

Dietary Procedures and Analyses

A double-blind, parallel-arm design was used to compare

the effects of a milk protein isolate (Milk, as the control

group; atherogenic equivalent) an isoflavone-poor soy

protein isolate (Soy-), and an isoflavone-rich soy protein

isolate (Soy?) on postprandial lipid and glucose concen-

trations. Each participant was randomly assigned by a

trained research assistant to one of the three protein sup-

plement groups: Milk, Soy- or Soy?. The supplements

were donated by The Solae Company (St. Louis, MO,

USA) and consisted of 25 g of powdered protein isolate

packaged in a vacuum sealed envelope; constituents have

previously been reported [45]. The protein powder was

mixed with a beverage of the participant’s choice

(including milk) and taken daily for 28 days. All unused

and/or empty packets were returned in the large envelopes

to the lab as an indicator of compliance.

A registered dietitian collected 3-day diet records and

analyzed them using Nutritionist Pro Software (First

Databank, San Bruno, CA, USA); data have been previ-

ously published [45].

Test Meal

Participants visited the laboratory, at baseline and

approximately 28 days later, and were given a 998.6 kcal

(239.5 kJ) liquid meal consisting of approximately 40.0%

carbohydrate, 40.2% fat, and 19.8% protein. Ingredients

were mixed together in a blender on ‘‘liquefy’’ for 2 min

and included 350.6 g of skim milk, 141.034 g of Hershey’s

Lite Chocolate Syrup� (The Hershey Company, Hershey,

PA, USA), 82.775 g of Wegmans’ Natural Creamy Peanut

Butter� (Wegmans Food Markets, Rochester, NY, USA),

and 11.84 g of Optimum Nutrition’s chocolate-flavored

Whey protein� (Optimum Nutrition, Inc., Aurora, IL,

USA). Subjects were given approximately 15 min to con-

sume the liquid meal.

Fasting and Postprandial Blood Draws

Fasting and postprandial blood samples were taken at

baseline and approximately 28 days later. Participants

visited the laboratory after a 12-h fast and a registered

nurse placed an IV-catheter in an antecubital vein. A 7-mm

microbore extension was connected to the catheter and

secured with sterile TegadermTM (3M Health Care, St.

Paul, MN). These collectively remained in place for the

duration of the laboratory visit (i.e., *6.5 h). For blood

draws, an 18-gauge needle was attached to a 10-mL syringe

and approximately 3 mL of blood was placed into a 5-mL

serum vacutainer tube; allowed to clot at room tempera-

ture. 3 mL of 0.9% saline solution was used between blood

draw samples as a flush to prevent coagulation in the

microbore extension/catheter setup. 5 mL of blood/saline

was drawn and discarded before each blood draw to min-

imize contamination of the sample from the flush. Serum

samples were centrifuged within 30 min of collection at
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3,000 r/min (1,875g) for 30 min at 4�C (Sorvall RT60000B

Refrigerated Centrifuge, Newton, CT). Serum samples

were stored at -80 �C until analysis. After participants

ingested the test meal, postprandial blood samples were

taken at 30, 60, 120, 240, and 360 min using the blood

draw procedures aforementioned. Participants were

instructed not to consume any food or participate in any

moderate to vigorous physical activity during the 6 h

of postprandial blood draws. Water was provided

ad libitum.

Blood Sample Analysis (Lipids and Glucose)

Blood was analyzed for triacylglycerol (TAG), total cho-

lesterol (TC), non-esterified fatty acids (NEFA), apolipo-

proteins B-100 and A-I (Apo B-100 and Apo A-I,

respectively), and glucose using commercially available

kits from Wako Chemicals USA, Inc. (Richmond, VA). In

addition, all procedures were followed as directed in the

application parameters obtained from Wako for the Cobas

Fara centrifugal analyzer for Automated Chemistry Anal-

ysis (Model # 22-2081, Roche Diagnostic Systems, Nutley,

NJ). All assays for each participant were run in duplicate

on the same day with the same reagent batch. External

calibrators were included on all assays on every run, and

the range of concentrations in the calibration curves

encompassed the range of expected sample values. Two

controls were used, Accutrol and Cardiolipid, that were run

ten times throughout the duration of each test to ensure

intra-assay reproducibility.

Triacylglycerol

TAG was measured by the enzymatic colorimetric endpoint

method (Kit #s 999-37491 and 995-37591). Serum plasma

samples were first combined with the Enzyme color A

reagent (50 mmol/L Good’s buffer, pH 7.0 containing

0.45 mmol/L N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxy-

aniline, 30 IU/mL glycerol kinase from Cellulomonas sp.,

4.0 mmol/L adenosine-50-triphosphate, 3.8 IU/mL glyc-

erol-3-phosphate oxidase from Streptococcus sp., 200

IU/mL catalase from bovine liver and 2.4 IU/mL ascorbate

oxidase from Acremonium sp.) to decompose free glycerol

so as not to interfere with the assay. Enzyme color B reagent

(50 mmol/L Good’s buffer, pH 7.1 containing 150 IU/mL

lipoprotein lipase (LPL) from Pseudomonas sp., 13.5 IU/mL

peroxidase from horseradish, 3.4 mmol/L 4-aminoantipy-

rine and 0.1% sodium azide) was then added to hydrolyze

TAG into glycerol and free fatty acids by LPL. The liberated

glycerol was phosphorylated by adenosine-50-triphosphate

and underwent oxidation by glycerol-3-phosphate oxi-

dase which resulted in the release of hydrogen peroxide.

N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline and

4-aminoantipyrine underwent quantitative oxidative con-

densation catalyzed by peroxidase due to the presence of

hydrogen peroxide. The resultant blue pigment from these

reactions was measured for absorbance and was directly

correlated with TAG concentrations.

Total Cholesterol

TC concentrations were measured by using the enzymatic

colorimetric method (Kit # 276-64909). Serum samples

were combined with a working color reagent (0.15/150 M

Tris buffer solution, 0.13 U/mL cholesterol oxidase, 0.13

U/mL cholesterol ester hydrolase, 2.4 U/mL peroxidase,

and 0.015% 4-aminoantipyrine) and allowed to incubate

for 5 min at 37�C. The cholesterol esters in the serum were

hydrolyzed to free cholesterol and fatty acids in a reaction

catalyzed by cholesterol ester hydrolase. The cholesterol

produced and the free cholesterol already present in the

serum were oxidized in a reaction catalyzed by cholesterol

oxidase that generated hydrogen peroxide. The hydrogen

peroxide formed participated in quantitative oxidative

condensation between p-chlorophenol and 4-aminoantipy-

rine in the presence of peroxidase. The product of the

reaction was a red quinone pigment. The total amount of

cholesterol in the test sample was determined by mea-

surement of the absorbance of the red color at its maximal

absorption wavelength of 505 nm.

Non-esterified Fatty Acids

NEFA was measured using the enzymatic colorimetric

method (Kit # 994-75409E). Serum samples were first

combined with color reagent A (acyl-coenzyme A syn-

thetase, ascorbate oxidase, coenzyme A (CoA), adenosine

triphosphate, 4-aminoantipyrine, 0.05 mol/L phosphate

buffer, 3 mmol/L magnesium chloride, surfactant, and

stabilizers) and incubated for 10 min at 37 �C. NEFA in

serum, when treated with acyl-CoA synthetase in the

presence of adenosine triphosphate, magnesium cations

and CoA, formed the thiol esters of CoA known as acyl-

CoA as well as the byproducts adenosine monophosphate

and pyrophosphate. The samples/solutions were then

mixed with color reagent B [acyl-coenzyme A oxidase,

peroxidase and 1.2 mmol/L 3-methyl-N-ethyl-N-(b-

hydroxy- ethyl)-aniline] and incubated for 10 min at 37 �C.

In the second portion of the procedure, the acyl-CoA was

oxidized by added acyl-CoA oxidase to produce hydrogen

peroxide which in the presence of added peroxidase

allowed the oxidative condensation of 3-methyl-N-ethyl-N-

(b-hydroxy-ethyl)-aniline with 4-aminoantipyrine to form a

purple colored adduct with an absorption maximum at

550 nm. Hence, the amount of NEFA in the sample was

determined from the optical density measured at 550 nm.
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Ascorbic acid existing in the sample would be expected to

cause significant interference due to its biological role as an

antioxidant and known ability to react with hydrogen per-

oxide. Therefore, ascorbate oxidase was added to the

reaction mixture at the outset to remove all ascorbic acid

from the sample.

Apolipoprotein B-100

Apolipoprotein B-100 was measured by a turbidimetric

immunoassay procedure (Kit # 993-27401). Serum samples

were mixed with a buffer (100 mmol/L phosphate buffer

and 0.1% sodium azide) and an anti-human antibody

(11.5 mg Ag/mL anti-human apolipoprotein B isolated

from goat and 0.1% sodium azide) specific for apo B-100.

The binding of apo B-100 to the anti-human antibody

yielded an insoluble aggregate that caused increased tur-

bidity. The degree of turbidity was measured optically and

was proportional to the amount of apo B-100 in the sample.

Apolipoprotein A-I

Apolipoprotein A-I was measured by a turbidimetric

immunoassay procedure (Kit # 991-27201). Serum samples

were combined with a buffer (100 mmol/L phosphate

buffer and 0.1% sodium azide) and an anti-human apo A-I

antibody (1.15 mg Ag/mL prepared from goat and 0.1%

sodium azide) that yielded an insoluble aggregate that

caused increased turbidity. The extent of the turbidity was

then measured optically and was proportional to the

amount of apo A-I in the sample.

Glucose

Glucose was measured by using an enzymatic colorimetric

method (Kit # 994-90902). Serum samples were combined

with the working reagent (60 mmol/L phosphate buffer,

5.3 mmol/L phenol, 0.13 U/mL mutarotase, 9.0 U/mL

glucose oxidase, 0.65 U/mL peroxidase, 0.50 mmol/L

4-aminoantipyrine, and 2.7 U/L ascorbate oxidase) and

incubated for 5 min at 37 �C. The equilibrium of D-glucose

in solution was maintained in the ratio of a-D-glucose

36.5% and b-D-glucose 63.5%. Glucose oxidase reacted

only with b-D-glucose. The existing a-D-glucose in the

sample was converted rapidly to the b-isomer by the action

of mutarotase and was then oxidized by glucose oxidase to

produce hydrogen peroxide. In the absence of mutaro-

tase, the reaction proceeded slowly because b-D-glucose

was first consumed by glucose oxidase as a-D-glucose was

gradually converted to b-D-glucose. When mutarotase was

added, a-D-glucose was rapidly converted to b-D-glucose,

so that glucose oxidase action was facilitated. The hydro-

gen peroxide produced induced oxidative condensation

between phenol and 4-aminoantipyrine in the presence of

peroxidase, so that a red color was produced. The amount

of glucose contained in the test sample was determined by

measuring the absorbance of the red color.

Area Under the Curve

AUC was calculated in increments to determine temporal

differences. The summation of intervals (i.e., 0 ? 30 min;

30 ? 60 min; 60 ? 120 min; 120 ? 240 min; 240 ? 360

min) was divided by two followed by the subtraction of

fasting values to normalize the data. To normalize the data

for hours, incremental AUC values were multiplied by 0.5,

1.0, and 2.0 for the 0 ? 30 min and 30 ? 60 min intervals,

the 60 ? 120 min interval, and the 120 ? 240 min and

240 ? 360 min intervals, respectively. The total AUC was

calculated as the summation of normalized intervals.

Statistics

A general linear model, two-way repeated measures analysis

of variance (ANOVA) was used to determine significant

differences in variables listed in Table 1 and Figs. 1, 2, and 3

after protein supplementation. The Bonferroni (all pair-wise)

multiple comparison test was used to determine the main

effects of diet collapsed across time (Milk pre plus Milk post

vs. Soy- pre plus Soy- post vs. Soy? pre plus Soy? post)

and time collapsed across diet (Milk pre plus Soy- pre plus

Soy? pre vs. Milk post plus Soy- post plus Soy? post) and

to determine any diet by time interactions (pre vs. post within

groups). A p value \0.05 was considered statistically sig-

nificant. The data were analyzed with Number Cruncher

Statistical Systems software (NCSS 2000, Kaysville, UT).

Protein group identification was not revealed to the principle

investigator until after they performed all biochemical and

statistical analyses.

Results

Participants

Owing to poor study compliance and subsequent data

outliers, 5 participants were eliminated leaving 9, 11, and

10 participants for the Milk, Soy-, and Soy? groups,

respectively.

Postprandial Serum Concentrations

Baseline and post-intervention data are presented in

Table 1 and Figs. 1, 2, and 3. After 4 weeks of supple-

mentation with 25 g/day of Soy- protein, TAG increased

by 90.7 mg/dL at 240 min and TAG total AUC increased
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Table 1 Mean ± SEM values for blood lipid and glucose analyses in 30 sedentary males

Milk (n = 9) Soy- (n = 11) Soy? (n = 10)

Pre (M ± SEM) Post (M ± SEM) Pre (M ± SEM) Post (M ± SEM) Pre (M ± SEM) Post (M ± SEM)

Triacylglycerol (TAG) (mg/dL)

Fasting 100.0 ± 23.1 92.4 ± 16.4 115.6 ± 24.5 125.1 ± 23.8 91.1 ± 11.9 95.3 ± 25.2

30-min 112.4 ± 22.9 112.3 ± 19.8 108.0 ± 23.8 135.3 ± 28.5 115.4 ± 15.9 110.7 ± 23.6

60-min 122.2 ± 21.0 137.6 ± 26.3 144.0 ± 31.9 157.3 ± 26.6 122.9 ± 14.2 119.8 ± 22.0

120-min 192.2 ± 32.3 174.8 ± 28.4 183.2 ± 26.0 216.4 ± 19.9 185.4 ± 24.6 171.2 ± 23.8

240-min 217.1 ± 51.5ab 221.7 ± 53.9ab 202.5 ± 38.1a 293.2 ± 42.3b 253.3 ± 30.6ab 211.4 ± 33.3ab

360-min 140.4 ± 40.9 151.3 ± 45.1 149.5 ± 48.7 220.2 ± 44.4 174.8 ± 28.6 140.4 ± 31.8

Total AUC 435.5 ± 101.2ab 484.7 ± 131.5ab 326.3 ± 77.0a 597.3 ± 69.1b 564.4 ± 89.5ab 417.3 ± 54.7ab

Total cholesterol (TC) (mg/dL)

Fasting 182.5 ± 15.0 165.1 ± 9.7 189.6 ± 18.1 189.7 ± 13.1 166.9 ± 24.0 194.0 ± 13.9

30-min 194.1 ± 19.1 170.4 ± 14.0 165.0 ± 19.6 185.0 ± 14.0 182.2 ± 16.4 187.9 ± 11.1

60-min 176.5 ± 15.7 183.0 ± 17.5 179.8 ± 16.9 187.4 ± 13.1 169.8 ± 14.2 189.2 ± 16.6

120-min 194.7 ± 18.6 161.8 ± 9.7 179.6 ± 13.4 176.6 ± 14.8 175.9 ± 18.5 199.3 ± 16.7

240-min 192.7 ± 21.1 182.8 ± 13.8 167.8 ± 13.1 165.7 ± 15.9 191.0 ± 21.3 203.4 ± 11.1

360-min 192.1 ± 19.5 188.1 ± 14.5 175.0 ± 14.9 184.1 ± 12.5 188.6 ± 19.1 188.3 ± 12.9

Non-esterified fatty acids (NEFA) (mg/dL)A

Fasting 0.31 ± 0.05 0.37 ± 0.09 0.57 ± 0.13 0.55 ± 0.14 0.38 ± 0.08 0.36 ± 0.06

30-min 0.35 ± 0.08 0.24 ± 0.05 0.33 ± 0.05 0.28 ± 0.04 0.27 ± 0.05 0.32 ± 0.06

60-min 0.27 ± 0.04 0.23 ± 0.03 0.21 ± 0.03 0.19 ± 0.03 0.21 ± 0.03 0.24 ± 0.04

120-min 0.31 ± 0.03 0.31 ± 0.05 0.30 ± 0.03 0.28 ± 0.05 0.24 ± 0.03 0.28 ± 0.03

240-min 0.49 ± 0.05 0.36 ± 0.05 0.44 ± 0.06 0.49 ± 0.08 0.43 ± 0.05 0.40 ± 0.06

360-min* 0.65 ± 0.07 0.53 ± 0.06 0.61 ± 0.07 0.60 ± 0.09 0.64 ± 0.08 0.47 ± 0.05

Apolipoprotein B-100 (mg/dL)

Fasting 79.6 ± 8.0 69.5 ± 7.2 70.3 ± 3.4 71.2 ± 2.6 79.4 ± 5.6 75.9 ± 4.1

30-min 79.6 ± 8.4 70.2 ± 7.1 68.0 ± 4.4 67.8 ± 3.9 79.1 ± 6.2 76.2 ± 5.9

60-min 80.4 ± 7.6 76.4 ± 6.2 70.9 ± 3.6 68.9 ± 4.3 77.3 ± 5.6 68.1 ± 7.6

120-min 81.3 ± 8.1 77.3 ± 5.6 69.1 ± 3.6 73.6 ± 2.2 76.8 ± 6.1 77.5 ± 5.5

240-min 81.2 ± 7.4b 69.0 ± 7.0ab 66.0 ± 2.7a 73.1 ± 2.7ab 77.7 ± 5.9b 79.6 ± 5.0b

360-min 80.9 ± 7.2 74.1 ± 6.0 70.0 ± 5.2 71.4 ± 3.6 77.8 ± 4.8 73.5 ± 4.8

TAG/apolipoprotein B-100 ratio

Fasting 1.2 ± 0.2 1.3 ± 0.3 1.6 ± 0.3 1.7 ± 0.3 1.2 ± 0.1 1.3 ± 0.3

30-min 1.4 ± 0.2 1.6 ± 0.4 1.6 ± 0.3 2.0 ± 0.3 1.5 ± 0.2 1.4 ± 0.3

60-min 1.5 ± 0.2 1.8 ± 1.1 2.0 ± 0.3 2.3 ± 0.3 1.7 ± 0.2 2.5 ± 0.3

120-min 2.4 ± 0.3 2.3 ± 0.3 2.6 ± 0.2 2.9 ± 0.3 2.5 ± 0.2 2.2 ± 0.2

240-min 2.5 ± 0.4 3.1 ± 0.6 3.0 ± 0.5 3.9 ± 0.5 3.4 ± 0.3 2.7 ± 0.5

360-min 1.6 ± 0.4 1.9 ± 0.4 2.1 ± 0.6 3.0 ± 0.5 2.1 ± 0.2 1.8 ± 0.4

Apolipoprotein A-I (mg/dL)B

Fasting 170.7 ± 7.6 170.1 ± 7.9 174.0 ± 7.7 180.1 ± 6.6 188.7 ± 7.5 183.9 ± 10.2

120-min 177.9 ± 4.7 182.8 ± 7.0 171.6 ± 5.6 180.6 ± 7.2 182.4 ± 3.9 187.0 ± 9.6

240-min 178.1 ± 7.5ab 149.8 ± 7.2a 166.8 ± 6.1ab 179.2 ± 5.1ab 185.5 ± 6.5ab 189.7 ± 11.4b

360-min 171.7 ± 5.3 176.5 ± 6.6 169.6 ± 6.4 180.6 ± 8.1 182.1 ± 6.4 181.0 ± 6.4

Glucose (mg/dL)

Fasting 97.0 ± 3.8 96.4 ± 6.0 94.4 ± 4.2 94.5 ± 3.1 83.1 ± 4.8 93.8 ± 3.1

30-min 109.6 ± 4.3 89.2 ± 5.7 88.8 ± 6.5 97.8 ± 8.3 107.6 ± 6.2 100.1 ± 4.8

60-min 91.2 ± 3.7 90.1 ± 5.6 86.1 ± 5.3 91.2 ± 6.4 89.9 ± 7.0 87.2 ± 5.3

120-min 98.6 ± 3.3 86.3 ± 6.2 90.1 ± 5.6 95.1 ± 4.8 92.1 ± 3.7 100.6 ± 5.0
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by 271.1 mg/dL (p = 0.012648 and p = 0.007190,

respectively; pre vs. post within group). NEFA decreased

by 0.1 mg/dL at 360 min after protein supplementation

(p = 0.025743; main effect of time collapsed across diet).

Soy? supplementation resulted in higher apo A-I at

240 min compared with the Milk group (189.7 vs. 149.8

mg/dL; p = 0.044964; post vs. post between groups).

Discussion

This study examined the effect of 28 days of Milk, Soy-,

and Soy? supplementation on select fasting and post-

prandial blood lipid and glucose concentrations in normo-

cholesterolemic, sedentary males. Our data support the

hypothesis that the postprandial state is more sensitive than

the traditional lipid profile for detecting changes associated

with soy consumption in this study population, which is in

concurrence with previous data [48]. While fasting blood

lipid and glucose concentrations did not change signifi-

cantly, postprandial TAG concentration was surprisingly

higher after Soy- consumption. In addition, there was a

trend for reduced postprandial TAG concentration after

Soy? consumption. These data suggest that the dearth of

isoflavones in Soy- may deleteriously alter postprandial

processing of TAG such that over time risk for CVD

potentially increases. Together, with a previous report, our

data show support for measuring blood lipids in a post-

prandial state in order to detect changes with soy ingestion

[48]. However, these changes are minimal at best in the

normocholesterolemic, sedentary male, which provides

credence to a recent statement by the American Heart

Association; which iterated that the ingestion of soy

products provides little additional, salubrious benefit

beyond the typical vegetarian diet [44].

Postprandial metabolism has been increasingly recog-

nized as an important, but crudely defined tool in the

assessment of CVD risk factors. The well-established tra-

ditional lipid profile standardizes CVD risk factors by

utilizing a fasting blood sample which controls for diurnal

flux in plasma lipids, utilizes the Friedewald formula for

LDL-C estimation, and compares patient samples to pop-

ulation norms [8]. While these analytical attributes are

desirable, most individuals spend the majority of their day

processing exogenous nutrients, which supports the ideol-

ogy that postprandial metabolism may be more sensitive to

their usual metabolic state and therefore might allude to

occult CVD risk factors. Recent large, prospective studies

and others support the foregoing intimation by demon-

strating that postprandial TAG concentration was associ-

ated with an increased risk for CVD and a subsequent

cardiovascular incident independent of the traditional lipid

profile [5, 14, 22, 33, 35]. In contrast to fasting studies

evaluating TAG’s role in CVD risk factor assessment,

postprandial TAG concentration maintained a strong,

prognostic relationship with CVD despite adjusting for

fasting TC and HDL-C concentrations [5, 10, 25, 33]. In

the first study to analyze the postprandial state in con-

junction with a soy treatment, Shige et al. [48] reported that

remnant-like particle-cholesterol (RLP-C) was significantly

reduced compared with a casein treatment after 3 weeks of

supplementation in 11 Japanese males. Additionally, AUC

for RLP-C decreased by 7.7 mg/dL (0.20 mmol/L) after

the soy protein treatment compared to the casein treatment

which increased significantly by 5.4 mg/dL (0.14 mmol/L).

Since RLP-C has been demonstrated to be an independent

predictor of future cardiac events, these data suggest that

soy protein may reduce this innate risk [24]. In the present

study, we did not observe any significant changes in fasting

or postprandial cholesterol concentrations. However, it is

important to note that we did not discern between TRLs

containing Apo B-48 (intestinally derived) and Apo B-100

(hepatically derived) lipoproteins, which limits the ana-

lytical density range of these lipoproteins and thus may

ameliorate our sensitivity to the favorable changes

observed by Shige [24]. In contrast to Shige, we observed a

significant increase of 83% from baseline values in AUC

postprandial TAG concentration after Soy- consumption

but not in the Milk or Soy? fed groups; suggesting that

the absence of isoflavones in this supplement leads to

undesirable changes in TAG and may have clinical impli-

cations for CVD. It is noteworthy that the Soy? group

Table 1 continued

Milk (n = 9) Soy- (n = 11) Soy? (n = 10)

Pre (M ± SEM) Post (M ± SEM) Pre (M ± SEM) Post (M ± SEM) Pre (M ± SEM) Post (M ± SEM)

240-min 101.4 ± 6.2 96.1 ± 6.7 97.5 ± 3.6 98.0 ± 3.4 103.3 ± 3.8 108.1 ± 6.5

360-min 94.4 ± 3.3 95.1 ± 4.6 98.0 ± 6.5 96.6 ± 3.3 95.8 ± 5.7 95.1 ± 3.9

Values with the same letters are not significantly different (p \ 0.05)

Soy- Isoflavone-poor soy protein isolate, Soy? Isoflavone-rich soy protein isolate
A Values with an * are significantly different from pre values; main effect of time (p \ 0.05)
B Data for the 30 and 60 min time points are unavailable
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showed a decreasing trend of 26% in AUC postprandial

TAG concentration. Although not statistically significant,

these data are suggestive of a modulating role for soy

isoflavones as previously reported [7]. Furthermore, these

differences were significantly greatest 240 min after

ingestion of the test meal with a similar trend at 360 min.

Cohn et al. [9] reported that TAG concentration peaks

approximately 3–4 h post-absorption of a singular meal

and returns to fasting concentrations within 6–8 h in dis-

ease-free individuals, which was nearly observed in the

present study.
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Fig. 1 Triacylglycerol serum concentration after a 12-h fast and

ingestion of a high calorie mixed meal before and after 28 days of

supplementation with a milk protein isolate (Milk), isoflavone-poor

soy protein isolate (Soy-) or an isoflavone-rich soy protein isolate

(Soy?) (n = 9, n = 11, and n = 10, respectively). Values are the

average of 30 sedentary males ± the standard error of the mean.

Significant difference between pre and post values (*p \ 0.05)
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Fig. 2 Non-esterified fatty acid (NEFA) serum concentration after a

12-h fast and ingestion of a high calorie mixed meal before and after

28 days of supplementation with a milk protein isolate (Milk),

isoflavone-poor soy protein isolate (Soy-) or an isoflavone-rich soy

protein isolate (Soy?) (n = 9, n = 11, and n = 10, respectively).

Values are the average of 30 sedentary males ± the standard error of

the mean
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It is interesting to note that we observed a significant

decrease of 15.5% in NEFA at 360 min after protein con-

sumption regardless of the protein source. Interpretation of

this observation is not clear, however, a discussion

regarding dietary intake may partially explain this finding.

Collection of dietary data in free-living participants is

desirable but presents an immutable challenge of study

compliance. Previously, we reported dietary analysis data

on the current study population and the difficulty in inter-

pretation owing to poor study compliance with recording

data; thus, we were forced to analyze our results with ten

fewer participants compared with other reported data

[45]. Despite this limitation, it is interesting to note that

Soy- increased their saturated fat intake by 14.2%, as a

percentage of the total identifiable lipid, and 3.0%, if cal-

culated as a percentage of total kilocalories after supple-

mentation. It is putative that a higher than recommended

chronic ingestion of saturated fat results not only in higher

fasting levels of TAG but also exacerbates the postprandial

response in TAG [12, 19, 27, 34, 56, 58]. Therefore, it is

plausible that the significant increase observed in post-

prandial TAG in Soy- may be due to higher exogenous

consumption of foods containing a greater proportion of

saturated fat. We also reported that saturated fat intake,

calculated as a percentage of the total identifiable lipid,

increased by 4.0% after protein supplementation regardless

of the protein source in the current study population. These

data may imply that the release of NEFA from adipose

tissue (i.e., lipolysis) was reduced at 360 min owing to

greater amounts of available exogenous fats. It is important

to reiterate that these interpretations and any subsequent

clinical significance are mere hypotheses based on the

available literature to date and warrant better control for

future investigation.

Apolipoproteins B-48 and B-100 are substantive con-

stituents of chylomicrons and VLDL and LDL particles,

respectively. Chylomicrons are intestinally derived lipo-

proteins that contain one apolipoprotein B-48 per chylo-

micron particle and serves as the hepatic cell receptor

ligand [38]. Similarly, one apolipoprotein B-100 is found

per VLDL and LDL particle and functions as a cell

receptor ligand [38]. As such, studies have used apolipo-

protein B-48 and B-100 as direct measurement of the

number of chylomicron, VLDL and LDL particles in cir-

culation [40, 51]. Since the penetration of the endothelium

by lipoprotein particles is a gradient-driven process, fewer,

potentially atherogenic particles would succumb to oxida-

tion and therefore subsequent vascular damage and suc-

ceeding risk for CVD diminished [59]. In the present study

we did not observe any clinically remarkable changes in

apolipoprotein B-100, which is in agreement with our

previously published nuclear magnetic resonance (NMR)

data [45].

TAG concentration during the postprandial state is

dependent upon the total amount of ingested lipid, hepatic

and lipoprotein lipase activity, and LDL receptor expres-

sion [38]. As previously discussed, TRLs contain one

apolipoprotein ligand per lipoprotein particle which binds
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Fig. 3 Apolipoprotein A-I serum concentration after a 12-h fast and

ingestion of a high calorie mixed meal before and after 28 days of

supplementation with a milk protein isolate (Milk), isoflavone-poor

soy protein isolate (Soy-) or an isoflavone-rich soy protein isolate

(Soy?) (n = 9, n = 11, and n = 10, respectively). Values are the

average of 30 sedentary males ± the standard error of the mean.

Values with the same letters are not statistically significant (p \ 0.05)
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to the LDL receptor and results in the physical removal of

the particle from circulation [37, 43]. Hepatic and lipo-

protein lipase serve to reduce the size of these particles in

circulation by hydrolyzing the TAG into its constituents,

glycerol and fatty acids, and subsequently results in the

delivery of the fatty acids to tissues such as muscle and

adipose [60]. While direct measurement of lipoprotein

particle size and number is highly desirable, the size of

TRL particles can be inferred via the TAG to apolipopro-

tein ratio [2]. In the present study, we did not observe a

significant difference in the TAG/apolipoprotein B-100

ratio but a decreasing trend was apparent 240 min postp-

randially. We speculate that hepatic and lipoprotein lipase

activities may have been altered owing to Soy- and Soy?

consumption resulting in the respective, observed TAG

concentrations. Unfortunately, it is difficult to quantify

TAG concentration and lipase activity concomitantly

without introducing analytical error and therefore we were

unable to do so in the present study. Previously, we

reported that hepatic lipase concentration increased by

19.2% after Soy- consumption in a fasted state which

resulted in an increase in the number of small, dense HDL

particles (TAG-rich from interacting with TRLs) which

would theoretically increase CVD risk [45]. It is plausible

that hepatic and/or lipoprotein lipase activity may be

altered as a result of isoflavone presence in products con-

taining soy protein resulting in changes similar to those

observed in the present study. The dearth of information

regarding isoflavone effect on lipid remodeling via hepatic

and lipoprotein lipase activity warrants further investiga-

tion as a potential mechanism.

Apolipoproteins A-I and A-II constitute the major

structural protein of HDL particles and play a key role in

HDL metabolism. In particular, apolipoprotein A-I serves

as the select acceptor of cell cholesterol, as a leci-

thin:cholesterol acyltransferase (LCAT) cofactor, as a

promoter of reverse cholesterol transport, and as a ligand

for the HDL receptor [49]. Although we did not see any

fasting or postprandial changes in total cholesterol, we did

observe that apolipoprotein A-I was significantly higher by

21% in Soy? post supplementation compared with Milk

post supplementation at 240 min after the test meal

ingestion. Furthermore, apolipoprotein A-I concentration

after Milk supplementation showed a non-significant

decreasing trend of 27.7% at 240 min after the test meal

ingestion (i.e., pre vs. post within group difference). We

speculate that these data may indicate lower HDL particle

concentration and subsequent cholesterol constituent,

which is in agreement with the atherogenic diet. It is

noteworthy that TC showed a non-significant decreasing

trend after Milk supplementation, which seemingly sup-

ports our data; however, caution is warranted in this

interpretation as we did not measure HDL-C or HDL

particle size and number in the postprandial state. Future

studies are needed to elucidate lipoprotein particle

remodeling in the postprandial state as a result of soy

consumption utilizing NMR analysis of lipoprotein particle

size and number.

In summary, we have demonstrated that the postprandial

state is a viable and more sensitive indicator of CVD risk

compared with the traditional lipid profile with respect to

the potential salubrious effects of consuming soy protein

for 28 days in sedentary, normocholesterolemic males.

Our data suggest that soy isoflavones may play a role in

postprandial TAG processing and that removing these

phytochemicals from soy products may obviate any cardio-

protective effect and may even have a deleterious conse-

quence if ingested chronically. However, these data and

subsequent interpretations are limited and should be viewed

as preliminary data owing to the low number subjects

within each group. Further research is warranted to clarify

the use of the postprandial state as a means of investigating

potential cardio-protective effects of soy protein con-

sumption on TAG processing after ingestion of a test meal.
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fasting serum TAG concentration is very important for

patients with HTG, atherosclerosis, cardiovascular disease

or T2DM, etc.

1,3-Diacylglycerol (DAG), which has been consumed

for many years, is a natural component (2–10%) of some

edible fats and oils [6]. A cooking oil product manufac-

tured by Kao Corporation containing about 83% (w/w)

DAG has been approved as a ‘‘Food for Specified Health

Use’’ by the Ministry of Health, Labour and Welfare of

Japan since 1999 [7]. In 2000, the Food and Drug

Administration also granted this product a status of gen-

erally recognized as safe [8].

DAG supplementation was previously reported to

reduce the fasting serum TAG concentration compared

with TAG [9, 10]. However, this efficacy was not consis-

tently accepted by all past studies. In a study conducted by

Nagao et al., after 16 weeks supplementation, the fasting

serum TAG concentration of DAG group decreased from

1.16 to 1.04 mmol/L while that of TAG group decreased

from 1.31 to 1.10 mmol/L [11]. So it is still in doubt

whether DAG is efficacious for reducing the fasting serum

TAG concentration.

Meta-analysis is a statistical technique in which results

of separate studies are combined to increase statistical

power and clarity, and to estimate the size of treatment

effects more accurately. This method has some inherent

weaknesses such as the sources of bias are not controlled

and the heavy reliance on published studies [12]. Despite

these weaknesses, meta-analysis is still employed in many

clinical settings to evaluate the efficacy and safety of a

variety of therapeutic interventions due to its advantages

[13, 14]. We have already examined the effects of DAG on

body weight control and the postprandial serum TAG

concentration in our previous studies [13, 14]. In this study,

we performed a meta-analysis of randomized controlled

trials to assess the association between DAG intake and the

fasting serum TAG concentration.

Methods

Selection of Studies

Potential papers were initially searched from electronic

databases of Medline (1966–2010), Embase (1984–2010)

and Cochrane library using the standardized subject terms

and search strategy in Table 1. The references of all

located papers were searched for further studies.

Inclusion Criteria

A trial was included if it was randomized controlled

designed in humans, used DAG supplementation as the

only intervention and used the fasting serum TAG con-

centration as one of the endpoints. No restrictions were

imposed on the daily dose of test oil and the physiological

conditions of subjects.

Validity Assessment

The methodological quality of included papers was eval-

uated using the scoring system developed by Jadad

(Table 2) [15].

Information Extraction

The detailed information was extracted independently by

two reviewers in a standardized manner according to the

predefined protocol. Any discrepancies were resolved by

discussing them with an additional reviewer. The extracted

characteristics included the study design (i.e., parallel or

crossover, open, single- or double-blinded), number of

subjects, daily dose of test oil, duration of supplementation,

fasting serum TAG concentrations at baseline and final, the

net change of concentration in along with corresponding

standard deviations (SD). For studies that reported multiple

time points for the same subjects, only the last points of the

supplementation were extracted for analysis.

In the study conducted by Yasunaga et al., the safety

aspects of high-dose dietary DAG were separately tested in

males and females, so the data of the males and that of the

females were extracted and included as two independent

studies. The influence of these two studies on the overall

results was tested by sensitivity analysis [16]. Similar

extraction methods were also used in meta-analysis con-

ducted by He et al. [17] in which two separate studies from

study conducted by Joshipura et al. were extracted and

included as independent trial [18]. In the study conducted

by Yanagisawa et al., TAG concentration was reported as

Table 1 Search strategy and search terms used to identify studies on

diacylglycerol supplementation and fasting serum triacylglycerol

concentration

(1) Diacylglycerol

(2) Diacylglycerols

(3) Diglyceride

(4) Diglycerides

(5) DAG

(6) (1) or (2) or (3) or (4) or (5)

(7) Fasting

(8) Lipid

(9) Hypertriglyceridemia

(10) Hyperlipidemia

(11) (7) or (8) or (9) or (10)

(12) (6) and (11)

1140 Lipids (2010) 45:1139–1146
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mg/dL which was transformed to mmol/L according to the

formula mg/dL 9 0.01129 = mmol/L [19]. In the study

conducted by Yanagisawa et al., TAG concentrations were

reported in the form of figures, so the specific data were

obtained by measuring the corresponding figures and sen-

sitivity analysis was performed to test the influence of

this study on the overall results [19]. In the study conducted

by Nagao et al., the concentrations were reported as

means ± standard errors (SE) which were transformed to

means ± SDs. In some studies, the SDs of mean change in

fasting serum TAG concentration were not reported. The

authors were contacted for detailed data but no reply was

received. Therefore, the missing SDs were imputed using

methods provided by the Cochrane Handbook [20].

Statistical Analysis

The validity of random design was tested by meta-analysis

in advance. The net change of fasting serum TAG con-

centration was used as the endpoint to assess the effect of

DAG supplementation. The influence of each study on the

result of meta-analysis was weighted by the inverse of

variance, and studies with narrower confidence intervals

(CI) were given more weight. A random effect model was

adopted to calculate the weighted mean difference (WMD)

and 95% CI because of the heterogeneity in daily dose,

duration of supplementation and initial characteristics of

subjects among all studies. Meta-analysis was conducted

using the software of Review Manager 4.2 (Update Soft-

ware Ltd, Oxford, England). Sensitivity analysis was con-

ducted to determine whether conclusions were robust to

decisions made during the review process [20]. In this

study, sensitivity analysis was performed to test the

robustness of the overall result during the inclusion/

exclusion of paper in which TAG concentrations were

reported in the form of figure and paper in which two

independent studies were extracted. A funnel plot was used

to test the possibility of publication bias and fail-safe

number analysis was used to determine the number of

studies with null effects that would have to exist to nullify

the reported reduction efficacy [14, 21]. All studies were

divided into three groups (healthy, diabetic and diabetic

with HTG groups) according to the physiological condi-

tions of subjects. Sub-group analysis was performed to

determine whether the physiological conditions influence

the effect of DAG. The influences of daily dosage and the

initial fasting serum TAG concentration on the effect of

DAG were assessed using weight estimation in SPSS 12.0.

Results

Of the 13 publications identified after title and abstract

evaluation, one did not provide the detailed data [22],

two did not take DAG as the only intervention [23, 24],

three were designed without placebo control [25–27], one

lasted only for 2 days [28]. Finally, six papers with seven

independent studies (298 subjects) were included into

the statistic pooling [9–11, 16, 19, 29] (Fig. 1). Validity

assessment showed that three studies got 4 points and four

studies got 3 points (Table 2). The detailed information of

included studies is shown in Table 3. The preparations of

test oil are shown in Table 4 and there were no significant

differences in the fatty acid composition between two test

Table 2 Quality of included

studies
Studies Generation

of allocation

sequence

Allocation

concealment

Investigator

blindness

Description

of withdrawals

and drop-outs

Score

Yamamoto 2006 [9] 1 1 1 0 3

Yamamoto 2001 [10] 1 1 1 0 3

Nagao 2000 [11] 1 1 1 0 3

Yasunaga 2004 (M) [16] 1 1 1 1 4

Yasunaga 2004 (F) [16] 1 1 1 1 4

Yanagisawa 2003 [19] 1 1 1 0 3

Li 2008 [28] 1 1 1 1 4

3988 of records were identified 
through database searching 

16 of additional records were 
identified through reference research 

3269 of records after 
duplicates removed 

13 of full-text articles 
assessed for eligibility 

3256 of records excluded after 
title and abstract reviewed 

6 of studies included in 
quantitative synthesis 

7 of full-text articles excluded: 
2 studies, DAG was not the only intervention 
3 studies without control group 
1 study without specific data 
1 study lasted only 2day 

Fig. 1 Flow of study selection
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oils in all studies. Three studies reported whether the

supplementation of DAG can induce adverse effect to

subjects [9, 16, 29]. In the study conducted by Yamamoto

et al. [9] and the study conducted by Li et al. [29], no

aggravation of physical conditions or adverse reaction

were noted after ingestion of the test oils throughout the

study period. In the study conducted by Yasunaga et al.,

some adverse effects were reported during the treatment

period. However, there was no significant change in

any group when compared with background records.

In addition, the number of definite complaints in DAG

group was smaller than that of the TAG group and no

serious adverse effects were reported during the treatment

[16].

Meta-analysis showed that there was no significant dif-

ference in the initial fasting serum TAG concentration

between DAG and TAG groups (WMD: 0 mmol/L; 95%

CI: -0.11 to 0.11 mmol/L; P = 0.95) (Fig. 2).

Meta-analysis with random effect model showed that

there was no significant difference in the net change of

fasting serum TAG concentration between DAG and TAG

groups after test oil supplementation (WMD: -0.07 mmol/

L; 95% CI: -0.21 to 0.08 mmol/L; P = 0.37) (Fig. 3).

Funnel plot analysis showed that all studies distributed in

the 95% CI except for the study conducted by Yamamoto

et al. (Fig. 4) [10]. Fail-safe number analysis indicated that

18 studies with positive effect were necessary to reverse

the reported non-significant efficacy of DAG.

Sensitivity analysis was performed to determine the

robustness of meta-analysis. The first tested whether the

removal of two studies extracted from the paper conducted

by Yasunaga et al affect the overall outcome. Results

showed that there still was no significant difference

between two groups (WMD: -0.15 mmol/L; 95% CI:

-0.38 to 0.08 mmol/L; P = 0.20) [16]. The second

showed that the removal of study in which the data was

reported in the form of figure did not affect the overall

results significantly (WMD: -0.10 mmol/L; 95% CI:

-0.30 to 0.10 mmol/L; P = 0.31) [19]. In the third one,

the removal of study which distributed out of the 95% CI

did not affect the overall result (WMD: -0.02 mmol/L;

95% CI: -0.10 to 0.07 mmol/L; P = 0.74) [10]. Finally,

the removal of all above studies did not change the direc-

tion of the overall results (WMD: -0.10 mmol/L; 95%

CI: -0.34 to 0.14 mmol/L; P = 0.41) [10, 16, 19].

Sub-group analysis showed that DAG reduced the

fasting serum TAG concentration in diabetic subjects

with HTG (WMD: -0.87 mmol/L; 95% CI: -1.71 to

-0.02 mmol/L; P = 0.04) [9, 10], but not in healthy

(WMD: 0.02 mmol/L; 95% CI: -0.06 to 0.11 mmol/L;

P = 0.58) [11, 16, 19] and diabetic subjects (WMD:

-0.17 mmol/L; 95% CI: -0.39 to 0.05 mmol/L; P =

0.12) [29] (Fig. 3). However, as far as the sub-group ofT
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Table 4 Preparation of test oil
Studies DAG oil TAG oil

Yamamoto 2006 [9] Prepared from rapeseed and soy oil

with lipase

Mixture of rapeseed,

soybean and safflower oil

Yamamoto 2001 [10] Provided by the kao corporation Provided by the kao

corporation

Nagao 2000 [11] Esterifying glycerol with fatty

acids from rapeseed oil

Mixture of rapeseed,

soybean and safflower oil

Yasunaga 2004 (M) [16] Etherification reaction of fatty

acids derived from natural plant

oil with monoacylglycerol or

glycerin with lipase

Mixture of rapeseed,

soybean and safflower oilYasunaga 2004 (F) [16]

Yanagisawa 2003 [19] Prepared from the mixture of

rapeseed and soy oil

Prepared from the mixture

of rapeseed and soy oil

Li 2008 [29] Provided by the kao corporation Provided by the kao

corporation

Fig. 2 Comparison in initial fasting serum TAG concentration between DAG and TAG groups (random effect model)

Fig. 3 Sub-group analysis of the effect of DAG on fasting serum TAG concentration (random effect model). All studies were divided into three

groups according to the physiological conditions of subject (healthy, diabetic, diabetic with HTG groups)
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T2DM patients with HTG concerned, analysis was based

only on 40 patients and a moderate I square had been

obtained.

Weight estimation analysis of all the studies included

indicated that the effect of DAG was influenced to some

extent by the initial fasting serum TAG concentration,

although this trend did not reach the significant level

(P = 0.328). However, this efficacy was not influenced by

the daily dose (P = 0.996).

Discussion

In meta-analysis of continuous outcomes, the influences of

initial values on the overall results were usually not taken

into account because all included studies were randomly

designed. But evidence shows that although the subjects

were assigned into two groups randomly at the beginning

of experiments, there is significant difference incidentally

in some variables between two groups [11]. The effect of

dietary intervention might be correlated with the initial

values, such as subjects with abundance of visceral fat area

tended to achieve larger reduction in visceral fat after body

weight loss [30]. In fact, a weak but significant correlation

between the initial values and the losses of visceral fat have

been already observed in the study conducted by Nagao

et al. [11]. So whether there were significant differences in

initial values of tested variables should be examined. As far

as current study concerned, the differences in initial fasting

serum TAG concentration were relatively great in two

studies conducted by Yamamoto et al., although all sub-

jects were assigned into two groups randomly [9, 10].

However, these two studies were given small weights (0.48

and 0.92%, respectively) during the meta-analysis because

of their great SDs. Their influences on the overall result

were reduced greatly and non-significant result was

obtained (Fig. 2).

Meta-analysis indicated that DAG oil supplementation

did not reduce the fasting serum TAG concentration sig-

nificantly compared with TAG oil. This result was con-

sistent with four papers that had been included [11, 16, 19,

29] but not consistent with two papers published by

Yamamoto et al. [9, 10]. In these two studies, the fasting

serum TAG concentrations of DAG groups decreased

0.99 mmol/L and 0.57 mmol/L respectively which were

significantly greater than those of TAG group (-0.37 and

0.08 mmol/L, respectively) after test oil supplementation.

However, these two studies were given small weights (2.18

and 3.64%, respectively) because of their great SDs. Their

influences on the overall result were reduced greatly and

non-significant result had been obtained (Fig. 2).

Positive results were reported in two studies [9, 10] and

negative results were reported in five studies [11, 16, 19,

29]. This inconsistency might be caused by the differences

in initial physiological conditions of subjects. So all studies

were divided into three groups (healthy, diabetic and dia-

betic with HTG groups) and sub-group analysis was used to

determine the effect of DAG in each group. Results showed

that DAG did not reduce the fasting serum TAG concen-

tration significantly in healthy group compared with TAG.

In the diabetic group in which the initial fasting serum

TAG concentrations were higher than those of healthy

group, the effect of DAG seemed to be enhanced to some

extent according to the greater WMD and lower P value. In

the diabetic with HTG group, the effect of DAG was

increased furthermore and reached significant level. These

Fig. 4 Funnel plot of the mean

difference in fasting serum TAG

concentration reduction plotted

against 1/SE. The distribution of

studies was relatively

symmetric except for the study

conducted by Yamamoto et al.

which means the possibility of

publication bias [10]
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results indicated that effect of DAG might be influenced by

the initial fasting serum TAG concentration of subjects.

Furthermore, weight estimation analysis showed that the

effect of DAG was influenced to some extent by the initial

fasting serum TAG concentration, although this influence

did not reach the significant level. All these results indi-

cated that DAG supplementation was more efficacious in

reducing the fasting serum TAG concentration in subjects

with higher initial concentrations.

It was conceived that DAG supplementation could

reduce the increment of postprandial TAG concentration

compared with TAG supplementation. The different struc-

ture of DAG from TAG was regarded as the major contri-

bution. The initial products of digested TAG are free fatty

acids (FFA) and 2-monoacylglycerol (MAG) and those for

1,3-DAG are mainly FFA and 1(3)-MAG [31]. The resyn-

thesis of TAG in small intestinal epithelial cells from

2-MAG is faster than that from 1(3)-MAG because the later

involves the phosphatidic acid pathway, a slow turnover

pathway than 2-MAG pathway, which interpreted the less

increment of postprandial TAG concentration after DAG

consumption compared with TAG [32]. This effect of DAG

has also been proved in our former meta-analysis in which

DAG supplementation reduced the increment of TAG

concentration at postprandial 2, 4 and 6 h [14]. However,

more studies are needed to elucidate whether DAG sup-

plementation affect the fasting serum TAG concentration.

There were several limitations in this study. Firstly,

it was conceivable that some trials were not uncovered

although systematic efforts were made to locate and retrieve

them. In this study, the fail-safe number indicated the light

possibility of publication bias. The distorting effects arising

from publication bias and location bias have repeatedly

been reported [33–35]. Secondly, there was great hetero-

geneity among all included studies, especially in the initial

fasting serum TAG concentration. Although the validity of

random design was verified beforehand and random effect

model was adapted to reduce the influence of heterogeneity,

the great differences in initial fasting serum TAG concen-

trations might have influenced the result of meta-analysis

[9, 10]. Thirdly, all located studies were conducted with

Asian subjects. This restriction limits the application of

current study to American and European people. So, more

studies are needed with Western subjects. Finally, the

number of patients included in this meta-analysis is very

small which might due to the specialism of this topic. The

subsequent sub-group analysis was performed based even

smaller number of patients. As far as the T2DM patients

with HTG sub-group concerned, the analysis was performed

based on only 40 patients and had a moderate I square

statistic although a significant result had been obtained.

This significant effect should be viewed with caution and

more studies are needed to establish this efficacy. In spite of

these limitations, the high methodological quality of all the

studies included (such as randomized, double-blind, TAG

controlled design) and the high consistency of sensitivity

analysis indicated the robustness of this meta-analysis.

Compared with TAG oil, supplementation of DAG oil

did not cause significant adverse reactions which might be

due to the similarity in fatty acids composition, energy

values and bioavailability between them [36].

In conclusion, DAG supplementation did not reduce the

fasting serum TAG concentration significantly compared

with TAG in this meta-analysis of seven randomized

controlled trials, but some effects were suggested in dia-

betic patients with HTG.
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fish and marine mammals of different species, brands and

grades by using the FAME profiles and PCA. The GC

FAME profiles from plant oils such as rapeseed, linseed

and soy oils and seven different brands of n-3 supplements

are also used in the discrimination process. The discrimi-

nation between and within animal oils is studied by using

three different data analysis strategies: firstly, the analysis

of the full FAME profiles from plant, supplement and

animal oils; secondly, the analysis of selected FAME

profiles from plant, supplement and animal oils with levels

higher than 0.5% of the total composition; thirdly, the

analysis of the full FAME profiles from animal oils. It must

be mentioned that discrimination studies of n-3 rich oils

derived from fish and marine mammals have not been

previously reported.

Experimental

Reagents and Samples

Sodium hydroxide, hexane, methanol, boron trifluoride in

methanol (20% w/v) and chloroform were purchased from

Merck (Darmstadt, Germany). Butylated hydroxytoluene

(BHT) and boron trichloride in methanol (14%) were

purchased from Sigma–Aldrich Co., USA. FAME pure

standards and also model mixture standards 2A and 2B

(18:0, 18:1n-9, 18:2n-6, 18:3n-3, 20:4n-6), 3A (18:2n-6,

18:3n-3, 20:4n-6, 22:6n-3), 4A (6:0, 8:0, 10:0, 12:0, 14:0)

6A (16:0, 18:0, 20:0, 22:0, 24:0), 7A (16:1n-7, 16:1n-9,

20:1n-9, 22:1n-11, 24:1n-9) and 14A (13:0, 15:0, 17:0,

19:0, 21:0) were purchased from Nu-Chek Prep (Elysian,

MN, USA). Nonadecanoic acid methyl ester (19:0) internal

standard was from Fluka (Buchs, Switzerland). De-ionized

water was purified in a Milli-Q system (Milli-Q system

Millipore, Milford, MA, USA). The fish oils were cod liver

oil from Peter Möller, Lysaker, Norway and salmon oil

from Havnegater, Sortland, Norway. The two brands of

harp seal oils (Pagophilus groenlandicus) were from Rie-

ber Skinn A/S, Bergen, Norway (two refined samples from

different batches, designated as RSA1 and RSA2, and one

crude sample designated as CSA were provided) and from

JFM Sunile A/S, Os, Norway (one refined sample desig-

nated as RSB was provided). Whale oil (Balaenoptera

acutorostrata) conventionally (WC) and molecularly

(WM) distilled were from Myklebust Trading AS, My-

klebost, Norway. The plant oils analyzed were soy oil

(Mills DA, Sofienberg, Norway), linseed and rapeseed oils

(Kinsarvik Naturkost, Bergen, Norway). The seven com-

mercial n-3 supplements obtained from a local pharmacy

were Fri Flyt (Vesterålens Naturprodukter AS, Sortland,

Norway), Natur-Omega (Naturhuset AS, Vøyenenga,

Norway), Møllers dobbel (Peter Möller, Lysaker, Norway),

Pikasol (Axellus A/S, Oslo, Norway), Omega-3 Forte

(Vitamed, Sarpsborg, Norway), Omega-3 høykonsentrert

(Sunkost, Oslo, Norway), El Dorado (Probio Nutraceuti-

cals, Tromsø, Norway). The supplements were designated

as K1, K2, K3, K4, K5, K6 and K7, respectively.

FAME Preparation

The FAME preparation protocol has been published else-

where [48]. Briefly, 50 mg of the sample are mixed with

2 ml BF3/CH3OH and 5 mg of the 19:0 internal standard.

The mixture is heated at 100 �C for 1 h and cooled down to

room temperature. Aliquots of 1 ml of hexane and 2 ml of

H2O are added, vortex-mixed for 15 s, placed in a centri-

fuge at 3,000 rpm for 2 min and the FAME are then

extracted from the upper hexane phase. Depending on the

fat content the sample is either concentrated under nitrogen

or diluted with hexane and subsequently subjected to GC

analysis.

The FAME for every kind of oil (fish, marine mammal

and plant) were prepared in triplicate and for the n-3 sup-

plements in duplicate.

Gas Chromatography Instrumentation

Analysis of the FAME was performed on a Perkin-Elmer

AutoSystem XL gas chromatograph (Perkin-Elmer, Nor-

walk, Connecticut) equipped with a liquid autosampler and

a flame ionization detector. The FAME samples were ana-

lyzed on a CP-Sil 88 capillary column (50 m 9 0.32 mm

ID 0.2 lm film thickness, Varian, Courtaboeuf, France).

Data collection was performed by the Perkin-Elmer Total-

Chrom Data System software version 6.3. The temperature

program was as follows: the oven temperature was held at

60 �C for 1 min, ramped to 160 �C at 25 �C/min, held at

160 �C for 28 min, ramped to 190 �C at 25 �C/min, held at

190 �C for 17 min, ramped to 220 �C at 25 �C/min and

finally held at 220 �C for 10 min. Direct on-column injec-

tion was used. The injector port temperature was ramped

instantaneously from 50 to 250 �C and the detector tem-

perature was 250 �C. The carrier gas was ultra-pure helium

at a pressure of 82 KPA. The analysis time was 60 min.

This time interval was sufficient to detect FAME with

chains from 10 to 24 carbons in length. The FAME peaks

were identified by comparison of their retention times with

the retention times of highly purified FAME standards.

Since the concentration of the internal standard (19:0) is

known and its recovery in the different oils was constant,

the comparison of the various FAME peak areas with 19:0

peak area is used to calculate the concentration of the

FAME in the various oils and supplements.
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Principal Component Analysis

Principal component analysis (PCA) is a well documented

multivariate method for reducing the dimensionality of a

data set by rotating and constructing orthogonal linear

combinations of the original variables and projecting the

maximum variability onto a new axis also known as prin-

cipal components (PCs). The results are classified accord-

ing to the level of information produced by the various

combinations of the original variables in a way that the first

component (PC1) is the major axis of the points in the

p-dimensional space that accounts for the largest variation

Table 1 FAME concentrations (mg/g) for different brands and grades of seal oils

Sample Seal oil

Manufacturer A B

Quality Crude Refined Refined

Designation CSA RSA1 (batch 1) RSA2 (batch 2) RSB

Replicate i ii iii i ii iii i ii iii i ii iii

14:0 42.8 44.3 41.5 42.2 42.5 41.6 45.4 45.9 45.9 40.2 40.3 40.1

15:0 2.5 2.7 2.5 2.6 2.7 2.4 2.8 2.9 2.8 2.8 2.9 2.9

16:0 72.8 75.5 70.4 69.6 70.4 68.5 66.2 66.7 65.9 75.5 75.8 75.3

17:0 0.5 0.5 0.5 0.4 0.4 0.4 0.7 0.7 0.7 1.7 1.7 1.7

18:0 10.5 10.8 10.1 10.0 10.0 9.7 8.4 8.8 8.5 12.2 12.6 11.9

20:0 0.3 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total SFA 129.4 134.1 125.3 124.8 126.0 122.6 123.5 125.0 123.8 132.4 133.3 131.9

14:1n-9 6.3 6.7 6.2 6.9 7.1 6.6 7.1 7.3 7.0 6.0 6.0 6.0

16:1n-9 3.5 3.8 3.5 4.3 4.3 4.0 3.8 3.9 3.9 4.6 4.8 4.5

16:1n-7 143.5 148.6 138.5 149.9 151.0 148.7 155.9 157.1 155.7 147.8 148.3 147.5

18:1n-11 30.2 32.0 29.6 39.9 41.3 38.3 39.7 40.5 39.1 44.8 45.1 44.7

18:1n-9 158.0 163.5 152.3 153.1 156.2 149.8 149.6 150.1 149.1 152.6 153.3 152.0

18:1n-7 38.3 38.4 38.2 38.5 38.6 38.2 35.5 35.9 35.2 42.4 42.7 42.5

20:1n-11 17.2 17.8 16.4 21.0 21.8 20.2 18.9 19.4 18.8 25.8 26.0 25.8

20:1n-9 85.2 89.1 81.1 85.5 86.4 84.4 70.5 72.3 69.8 99.6 100.3 99.9

20:1n-7 5.4 5.5 5.0 5.2 5.3 5.1 4.2 4.4 4.2 6.2 6.5 6.0

22:1n-11 18.9 19.5 18.2 19.7 20.5 18.8 17.2 17.6 17.1 23.5 23.6 23.2

22:1n-9 4.7 4.7 4.2 4.7 4.8 4.4 4.0 4.1 4.0 6.1 6.2 5.9

24:1n-9 4.7 4.8 4.4 4.8 4.9 4.6 5.0 5.1 5.0 4.3 4.3 4.3

Total MUFA 515.9 534.4 497.6 533.5 542.2 523.1 511.4 517.7 508.9 563.7 567.1 562.3

16:2n-4 6.5 6.8 6.4 5.7 5.8 5.4 5.7 5.7 5.7 4.6 4.7 4.6

16:3n-3 2.4 2.6 2.4 2.0 2.1 2.0 2.0 2.1 2.0 1.6 1.6 1.6

16:4n-3 4.3 4.5 4.2 3.0 3.0 2.8 3.8 4.0 3.8 3.4 3.6 3.4

18:2n-6 17.5 17.8 16.4 16.5 16.7 16.6 18.0 18.2 17.9 15.4 15.8 15.1

18:3n-3 5.0 5.1 4.7 4.6 4.7 4.5 5.0 5.0 5.0 4.5 4.7 4.4

18:4n-3 13.0 13.3 12.4 11.6 12.0 10.9 12.4 13.0 12.9 9.3 9.4 9.3

20:2n-6 1.7 1.8 1.6 1.7 1.8 1.7 1.6 1.6 1.6 2.1 2.1 2.0

20:4n-6 4.9 5.1 4.7 4.2 4.5 4.2 4.9 5.0 4.8 3.6 3.7 3.5

20:4n-3 4.5 4.6 4.2 4.3 4.3 4.0 4.6 4.7 4.6 3.8 3.9 3.8

20:5n-3 67.2 70.7 65.7 61.3 64.5 58.2 64.5 64.9 64.3 53.7 54.8 53.5

22:5n-3 38.1 40.3 37.2 38.6 40.0 37.0 38.1 38.5 37.9 36.6 36.8 36.5

22:6n-3 82.7 86.4 78.6 76.8 81.5 74.1 88.2 90.6 86.9 57.5 58.3 57.6

Total n-3 217.2 227.5 209.4 202.2 212.1 193.5 218.6 222.8 217.4 170.4 173.1 170.1

Total n-6 24.1 24.7 22.7 22.4 23.0 22.5 24.5 24.8 24.3 21.1 21.6 20.6

Total PUFA 247.8 259.0 238.5 230.3 240.9 221.4 248.8 253.3 247.4 196.1 199.4 195.3

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids
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in the data and consequently it contains the most possible

information. The second component (PC2) is perpendicular

to PC1 and it defines the next largest amount of variation.

The results as presented in the various tables (Tables 1,

2, 3, 4 and 5) were combined (according to the various

approaches to be discussed) and arranged in m 9 n data

Table 2 FAME concentrations (mg/g) for whale (different grades) and fish (different species) oils

Sample Whale oil Fish oil

Quality Conventionally distilled Molecularly distilled Cod liver Salmon

Designation WC WM CL SA

Replicate i ii iii i ii iii i ii iii i ii iii

14:0 50.5 50.6 50.4 47.8 48.1 47.5 33.7 33.6 33.6 41.1 41.8 40.5

15:0 3.4 3.5 3.3 3.6 3.7 3.3 3.1 3.2 3.0 3.9 3.9 3.8

16:0 74.5 75.2 72.7 95.3 95.8 94.6 91.9 92.6 91.0 130.5 133.4 127.5

17:0 4.9 5.0 4.8 3.7 4.0 3.7 5.8 5.8 5.7 2.7 2.8 2.5

18:0 16.4 16.1 15.6 23.5 23.9 23.4 18.5 19.1 17.8 30.5 31.4 29.8

20:0 0.5 0.5 0.5 0.7 0.7 0.6 0.0 0.0 0.0 1.8 1.9 1.7

22:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 1.8 1.7

24:0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 1.8 1.6 0.0 0.0 0.0

Total SFA 150.2 150.9 147.3 174.6 176.2 173.1 154.7 156.1 152.7 212.2 217.0 207.5

14:1n-9 3.9 3.8 3.9 3.5 3.7 3.4 0.0 0.0 0.0 0.0 0.0 0.0

16:1n-9 3.2 3.2 3.1 3.5 3.6 3.5 4.3 4.6 4.3 2.8 2.9 2.6

16:1n-7 74.0 75.2 71.8 65.1 65.7 64.6 60.7 62.8 58.6 39.6 39.9 39.1

18:1n-11 18.2 18.0 17.4 19.7 19.8 19.4 13.6 13.7 13.6 3.9 4.0 3.8

18:1n-9 147.0 147.3 146.1 136.6 137.1 135.9 122.7 123.8 121.4 242.1 243.2 240.9

18:1n-7 21.4 21.3 20.9 25.5 25.6 25.3 34.9 35.1 34.5 29.5 30.2 28.6

20:1n-11 20.9 21.6 20.2 21.7 21.8 21.4 10.2 10.3 10.0 4.6 4.8 4.6

20:1n-9 96.9 98.1 94.8 128.4 129.1 127.6 77.9 78.2 77.7 43.1 43.5 42.7

20:1n-7 2.1 2.1 2.0 2.7 2.8 2.7 3.2 3.3 3.2 2.5 2.7 2.4

22:1n-11 94.4 96.6 91.3 120.8 122.1 119.4 50.0 50.0 49.9 39.2 39.9 38.8

22:1n-9 7.0 7.1 6.7 10.5 10.9 10.1 6.0 6.1 5.9 7.5 7.9 7.3

24:1n-9 6.9 7.1 6.8 6.5 7.0 6.4 7.9 7.9 7.9 8.1 8.4 7.8

Total MUFA 495.9 501.4 485.0 544.5 549.2 539.7 391.4 395.8 387.0 422.9 427.4 418.6

16:2n-4 3.6 3.6 3.5 2.8 3.0 2.8 4.2 4.3 4.0 3.7 3.9 3.7

16:3n-3 0.0 0.0 0.0 0.0 0.0 0.0 3.4 3.4 3.4 1.9 2.0 1.8

16:4n-3 2.6 2.6 2.5 0.0 0.0 0.0 4.6 4.7 4.3 3.2 3.3 3.0

18:2n-6 19.4 19.7 19.2 17.4 17.6 17.0 18.5 18.5 18.4 81.4 82.3 80.4

18:3n-3 12.6 12.7 12.4 10.9 11.1 10.7 7.8 7.8 7.5 30.4 31.0 29.9

18:4n-3 27.6 27.9 26.3 19.4 19.8 18.7 24.5 25.1 23.7 9.2 9.3 8.8

20:3n-3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.3 3.4 3.2

20:2n-6 3.0 3.1 2.8 3.5 3.6 3.4 2.6 2.6 2.5 6.9 7.1 6.6

20:3n-6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 1.7 1.5

20:4n-6 3.8 3.9 3.6 2.8 3.0 2.8 6.5 6.5 6.5 3.4 3.6 3.4

20:4n-3 14.1 14.1 14.0 11.1 11.3 10.7 8.0 8.0 7.9 10.7 11.4 10.3

20:5n-3 46.5 47.2 45.3 35.1 36.1 33.9 106.7 108.1 105.1 39.1 40.7 37.7

22:5n-3 23.0 23.0 22.9 20.5 21.1 20.3 16.4 16.6 16.0 21.9 22.4 21.3

22:6n-3 76.7 76.3 75.1 48.3 50.7 47.3 145.6 149.6 141.2 52.3 54.0 50.4

Total n-3 203.1 203.8 198.5 145.3 150.1 141.6 317.0 323.3 309.1 172.0 177.5 166.4

Total n-6 26.2 26.7 25.6 23.7 24.2 23.2 27.6 27.6 27.4 93.3 94.7 91.9

Total PUFA 232.9 234.1 227.6 171.8 177.3 167.6 348.8 355.2 340.5 269.0 276.1 262.0

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids
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matrices where m represents every prepared oil sample and

n represents every analyzed fatty acid. The matrices sub-

mitted to PCA are standardized by subtracting their means

and dividing by their standard deviations in order to con-

struct linear combinations of the predictor variables n that

contains the greatest variance. The PCA score and loading

plots of the FAME profiles from the various oils were

computed with the software package Statgraphics Plus 5.1

(Statistical Graphics Corp.).

Results

The fish, marine mammal and plant oils were prepared in

triplicate and the n-3 supplements in duplicate. The tripli-

cate and duplicate lipid profiles from the various injected

oil samples, expressed as mg FAME/g sample, are pre-

sented in Tables 1, 2, 3, 4 and 5. The individual profiles

were arranged in a data matrix consisting of 47 rows rep-

resenting the various analyzed oils with their respective

Table 3 FAME concentrations (mg/g) for different brands of n-3 supplements

Sample Supplements

Designation K1 K2 K3 K4 K5 K6 K7

Replicate i ii i ii i ii i ii i ii i ii i ii

14:0 2.6 2.5 0.0 0.0 22.2 22.2 1.3 1.2 3.0 3.1 2.5 2.6 2.7 1.2

15:0 0.0 0.0 0.0 0.0 1.4 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

16:0 22.2 22.4 44.7 44.4 58.5 58.8 24.2 23.9 22.7 22.7 12.4 12.6 22.7 15.3

17:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.7 2.1

18:0 29.7 29.9 22.8 22.7 18.8 19.2 31.6 31.5 27.0 26.5 14.2 14.6 29.8 22.1

20:0 3.3 3.4 1.9 2.0 2.5 2.3 4.8 4.8 9.3 9.2 4.3 4.3 3.4 6.6

22:0 1.0 0.9 0.0 0.0 0.9 0.8 0.0 0.0 2.4 2.4 0.0 0.0 0.0 1.2

24:0 0.0 0.0 0.0 0.0 1.1 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total SFA 58.8 59.1 69.4 69.1 105.4 106.0 61.9 61.4 64.4 63.9 33.4 34.1 58.8 59.1

16:1n-9 0.0 0.0 0.0 0.0 1.2 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

16:1n-7 8.7 8.5 0.0 0.0 26.3 25.9 8.6 8.3 8.4 8.4 7.2 7.4 8.7 7.9

18:1n-9 62.2 62.6 175.0 174.1 46.3 45.4 60.1 59.3 51.9 51.0 39.5 40.0 62.7 50.7

18:1n-7 18.3 18.4 8.5 8.6 14.5 13.9 21.9 21.5 20.2 19.9 13.7 13.7 18.7 16.5

20:1n-11 1.8 1.7 2.9 2.8 2.0 1.9 2.5 2.4 1.2 1.1 1.4 1.3 1.8 1.1

20:1n-9 13.5 13.5 0.0 0.0 13.9 13.7 24.2 23.8 23.2 23.0 19.2 19.5 13.9 23.7

20:1n-7 4.5 4.5 0.0 0.0 3.0 3.1 4.3 4.3 3.2 3.1 3.4 3.5 4.5 2.8

22:1n-11 11.2 11.6 0.0 0.0 20.6 19.4 15.5 15.3 8.9 8.5 10.8 10.7 11.5 8.2

22:1n-9 1.5 1.5 0.0 0.0 2.8 2.6 3.3 3.2 5.2 5.1 4.7 4.6 1.5 5.5

24:1n-9 9.3 9.4 0.0 0.0 5.0 5.6 11.4 11.3 12.2 12.1 16.3 17.2 11.9 14.5

Total MUFA 131.0 131.7 186.4 185.5 135.6 132.6 151.8 149.4 134.4 132.2 116.2 117.9 131.0 131.7

16:2n-4 1.6 1.6 0.0 0.0 4.4 4.8 1.0 1.1 1.1 1.1 1.1 1.2 1.9 1.0

16:3n-3 2.4 2.3 0.0 0.0 6.2 6.0 1.5 1.6 1.7 1.6 1.5 1.4 2.0 1.2

18:2n-6 6.9 7.0 259.9 258.8 5.7 5.3 8.2 8.2 7.0 6.7 5.0 5.4 7.2 7.2

18:3n-3 3.7 3.7 312.5 312.5 3.5 3.3 5.8 5.7 4.5 4.5 3.3 3.1 3.7 3.9

18:4n-3 16.4 16.5 0.0 0.0 13.7 13.6 21.1 21.0 20.6 20.3 13.1 12.8 16.4 16.7

20:2n-6 2.1 2.1 0.0 0.0 1.6 1.6 2.5 2.6 2.1 2.2 2.1 2.2 2.2 2.0

20:3n-6 1.8 2.0 0.0 0.0 1.4 1.5 2.3 2.3 2.5 2.5 2.4 2.6 1.8 2.2

20:4n-6 12.9 13.1 0.0 0.0 9.4 8.9 17.7 17.6 15.7 15.4 15.3 14.9 12.9 14.0

20:4n-3 10.5 10.5 0.0 0.0 7.7 8.0 14.7 14.5 16.2 16.0 14.7 14.5 10.5 15.1

20:5n-3 242.6 245.0 0.0 0.0 174.9 174.2 283.8 281.5 276.4 273.1 260.3 250.1 239.8 238.1

22:5n-3 24.9 25.2 0.0 0.0 25.6 26.9 28.9 28.7 35.8 35.2 42.1 40.8 24.7 36.6

22:6n-3 168.0 169.4 0.0 0.0 167.8 182.4 175.1 173.6 175.3 173.0 198.6 182.9 162.8 172.4

Total n-3 468.5 472.6 312.5 312.5 399.4 414.4 530.9 526.6 530.5 523.7 533.6 505.6 459.9 484.0

Total n-6 23.7 24.2 259.9 258.8 18.1 17.3 30.7 30.7 27.3 26.8 24.8 25.1 24.1 25.4

Total PUFA 493.8 498.4 572.4 571.3 421.9 436.5 562.6 558.4 558.9 551.6 559.5 531.9 493.8 498.4

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids
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replicates and 34 columns representing the individual

FAME detected by GC. The 34 individual FAME profiles

were: 14:0, 14:1n-9, 15:0, 16:0, 16:1n-9, 16:1n-7, 17:0,

16:2n-4, 18:0, 16:3n-3, 18:1n-11, 18:1n-9, 18:1n-7, 16:4n-3,

18:2n-6, 20:0, 18:3n-3, 20:1n-11, 20:1n-9, 20:1n-7, 18:4n-3,

20:2n-6, 20:3n-6, 22:0, 20:3n-3, 20:4n-6, 22:1n-11, 22:1n-9,

20:4n-3, 20:5n-3, 24:0, 24:1n-9, 22:5n-3, 22:6n-3.

Discrimination by Using the Full FAME Profiles

from Plant, Supplement and Marine Animal Oils

The 47 9 34 matrix was submitted to PCA as a data

exploration technique and a total of six components (PCs)

were extracted and grouped in decreasing order of vari-

ance. The first component (PC1) which explains 41.91% of

the total variation can be used to discriminate the oils

according to their nature as is shown in Fig. 1. A plot of the

scores of the two first components (Fig. 2), which explain

66.35% of the data variation, differentiates basically the

same number of groups and sub-groups found in Fig. 1.

Besides, the loadings of the two first components, were

plotted to investigate the relationship between the various

FAME (Fig. 3).

The six PCs computed by using the 47 9 34 matrix

were plotted against each other to produce two and three

dimensional PC scores graphs and consequently explore

the capability of these PCs to discriminate confidently

within the marine animal oils. Unfortunately, clear and

well-defined patterns that allow one to differentiate the

various oils and grades were not observed in any of the

graphical representations, hence a data reduction, based on

selected FAME profiles, was implemented.

Discrimination by Using Selected FAME Profiles

from Plant, Supplement and Marine Animal Oils

FAME data reduction has been used in the discrimination of

oils derived from one fish species (cod liver oil) by selecting

the 15 FAME with levels higher than 1% of the total com-

position [42]. Considering that in the present study the 34

FAME or variables are given in mg/g and arranged in col-

umns for PCA purposes (47 9 34), it was decided to discard

all the FAME columns with average values \5 mg/g

(\0.5% of the total averaged FAME profile), in that way 19

FAME profiles were retained (14:0, 16:0, 16:1n-7, 18:0,

18:1n-11, 18:1n-9, 18:1n-7, 18:2n-6, 18:3n-3, 20:1n-11,

20:1n-9, 18:4n-3, 20:4n-6, 22:1n-11, 20:4n-3, 20:5n-3,

24:1n-9, 22:5n-3, 22:6n-3). A new data matrix of size

47 9 19 was submitted to PCA and three PCs, explaining

85.29% of the total data variability, were computed. The three

PCs were used to generate various two and pseudo-three

dimensional score plots which essentially showed a clear

Table 4 FAME concentrations (mg/g) for different plant oils

Sample Plant oil

Name Soy Rapeseed Linseed

Designation SO RP LN

Replicate i ii iii i ii iii i ii iii

16:0 89.5 90.3 89.0 35.8 36.2 34.5 40.5 41.3 39.7

18:0 28.2 28.5 27.9 15.0 15.4 14.5 33.9 34.9 32.9

20:0 4.5 4.6 4.5 5.4 5.5 5.2 3.1 3.1 3.0

22:0 4.4 4.4 4.4 2.7 2.8 2.7 0.9 0.9 0.9

24:0 1.5 1.6 1.5 0.0 0.0 0.0 0.0 0.0 0.0

Total SFA 128.1 129.4 127.3 58.9 59.9 56.9 78.4 80.2 76.5

16:1n-7 0.0 0.0 0.0 1.7 1.7 1.6 0.0 0.0 0.0

18:1n-9 225.4 225.6 225.4 565.3 567.5 563.0 194.6 195.8 193.3

18:1n-7 13.6 13.7 13.4 24.7 25.2 24.1 5.5 5.5 5.4

20:1n-9 2.1 2.1 2.0 10.1 10.4 9.7 0.0 0.0 0.0

Total MUFA 241.1 241.4 240.8 601.8 604.8 598.4 200.1 201.3 198.7

18:2n-6 494.0 496.1 494.0 172.7 176.8 168.4 133.4 134.3 132.5

18:3n-3 51.9 52.0 51.9 84.6 85.5 83.6 506.1 507.3 504.9

Total n-3 51.9 52.0 51.9 84.6 85.5 83.6 506.1 507.3 504.9

Total n-6 494.0 496.1 494.0 172.7 176.8 168.4 133.4 134.3 132.5

Total PUFA 545.9 548.1 545.9 257.3 262.3 252.0 639.5 641.6 637.4

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids
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discrimination between plant, supplements and marine

animal oils as already observed in Figs. 1, 2.

Discrimination by Using Full FAME Profiles

from Marine Animal Oils

The contribution of the supplement and plant oils was

removed as an alternative approach to discriminate the

various marine oils. A 24 9 34 matrix was constructed by

using the data presented in Tables 1, 2 and submitted to

PCA. A considerable percentage of the variability of this

matrix (97.58%) was explained by four extracted PCs

(49.80, 22.65, 20.08 and 5.05%). The score plot of PC1 and

PC4 (Fig. 4) indicates that it is possible to discriminate

within the four different types of animal oils by using these

two components.

Table 5 FAME concentrations (mg/g) for conventionally distilled whale oil (WC) adulterated with of cod liver oil (CL)

Sample Mixtures of conventional distilled whale oil (WC) and cod liver oil (CL)

WC:CL (%) 90:10 80:20 50:50

Replicate i ii iii i ii iii i ii iii

14:0 48.0 48.1 48.1 47.5 47.4 47.9 42.5 42.3 41.9

15:0 3.4 3.4 3.3 3.3 3.4 3.3 3.3 3.3 3.2

16:0 77.0 77.0 76.1 78.0 78.1 77.9 83.2 83.4 83.2

17:0 5.1 5.1 5.1 5.1 5.2 5.1 5.4 5.4 5.4

18:0 16.3 16.4 16.2 16.5 16.6 16.5 17.2 17.4 17.2

20:0 0.5 0.5 0.5 0.4 0.4 0.4 0.3 0.3 0.3

24:0 0.2 0.2 0.2 0.4 0.4 0.4 0.9 0.9 0.9

Total SFA 150.5 150.7 149.5 151.2 151.5 151.5 152.8 153.0 152.1

14:1n-9 3.3 3.3 3.3 3.1 3.1 3.0 1.9 1.9 1.9

16:1n-9 3.3 3.4 3.3 3.5 3.5 3.5 3.8 3.8 3.8

16:1n-7 72.1 72.1 71.8 71.6 71.8 71.1 67.1 67.9 68.2

18:1n-11 17.6 17.6 17.5 17.1 17.2 17.1 15.8 15.9 15.9

18:1n-9 144.5 145.9 142.8 142.7 143.5 142.2 135.0 136.3 136.3

18:1n-7 22.5 22.7 22.5 23.9 24.1 23.8 27.9 28.1 27.9

20:1n-11 19.9 19.9 19.9 18.8 18.8 18.8 15.6 15.6 15.6

20:1n-9 95.2 95.4 95.2 93.4 93.5 93.3 87.7 87.9 87.7

20:1n-7 2.2 2.2 2.2 2.3 2.3 2.3 2.7 2.7 2.7

22:1n-11 89.7 90.1 89.5 85.3 85.7 85.1 71.8 72.4 71.8

22:1n-9 6.9 6.9 6.8 6.8 6.8 6.7 6.5 6.5 6.5

24:1n-9 7.0 7.1 7.0 7.1 7.2 7.1 7.4 7.5 7.4

Total MUFA 484.2 486.6 481.8 475.6 477.5 474.0 443.2 446.5 445.7

16:2n-4 3.6 3.6 3.6 3.7 3.7 3.7 3.9 3.9 3.9

16:3n-3 0.3 0.3 0.3 0.7 0.7 0.7 1.7 1.7 1.7

16:4n-3 2.8 2.8 2.7 3.0 3.0 2.9 3.5 3.6 3.5

18:2n-6 19.4 19.4 19.4 19.3 19.3 19.3 19.0 19.0 19.0

18:3n-3 12.0 12.2 12.0 11.6 11.7 11.5 10.0 10.3 10.0

18:4n-3 27.2 27.4 27.0 26.9 27.1 26.7 25.9 26.3 25.9

20:2n-6 2.9 2.9 2.9 2.9 2.9 2.9 2.8 2.8 2.8

20:4n-6 4.0 4.0 4.0 4.3 4.3 4.3 5.1 5.2 5.1

20:4n-3 13.5 13.5 13.4 12.9 12.9 12.8 11.0 11.1 11.0

20:5n-3 53.2 53.5 53.1 59.3 59.5 59.1 77.2 77.6 77.2

22:5n-3 22.3 22.4 22.3 21.7 21.7 21.6 19.6 19.7 19.6

22:6n-3 83.8 84.6 83.5 90.8 91.5 90.4 111.3 112.3 109.2

Total n-3 215.1 216.7 214.3 226.9 228.1 225.7 260.2 262.6 258.1

Total n-6 26.3 26.3 26.3 26.5 26.5 26.5 26.9 27.0 26.9

Total PUFA 245.0 246.6 244.2 257.1 258.3 255.9 291.0 293.5 288.9

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids
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Discrimination Between Genuine and Adulterated Oils

Further assessment of the capability of GC for dis-

criminating between pure and adulterated oils, was

achieved using conventionally distilled whale oil (WC)

debased by cod liver oil in the proportions 90:10, 80:20

and 50:50. The FAME profiles of the mixtures prepared

in triplicate (Table 5) along with the profiles of the

marine animal oils described in Tables 1 and 2 were

submitted to PCA and four PCs extracted, explaining

47.05, 25.08, 20.19 and 5.36% of the data variability,

respectively.

Discussion

Discrimination by Using the Full FAME Profiles

from Plant, Supplement and Marine Animal Oils

A graph of PC1 for the various oil samples (Fig. 1) shows

that different kinds of oils can be basically differentiated

along the PC1 axis. Specifically, the scores of the analyzed

plant and animal oils grouped themselves at opposite ends

of the PC1 axis while the scores of six supplements (K1

and K3–7) in the middle of this axis. The scores for K2

overlaps those from rapeseed oil, hence it is likely that this

supplement contains this particular oil. In addition, the

supplements as well as the animals exhibit some sub-

groups which discriminate supplement K3 in the former

and salmon oil in the latter. These latent sub-structures are

attributed to the consistently high levels of 16:0 and 16:1n-

7 in supplement K3 (on average three times higher com-

pared to the others supplements of this group) and the high

levels of 18:1n-9, 18:2n-6 and 18:3n-3 in the salmon oil (on

average 1.7, 4.7 and 5.0 times higher than the rest of

marine animal oils, respectively).

The score plot of the first two PC (Fig. 2) which

explained 41.91 and 24.44%, respectively, of the total

variability of the different types of oil FAME profiles

allowed concluding that PC1 discriminates in effect

between animal and plant oils while PC2 differentiates

between supplements and plant oils. Besides, this score

plot revealed that in addition to rapeseed oil, supplement

K2 also contains linseed oil due to the proximity of their

scores. This proximity was constantly observed when the

scores of any of the six PCs were plotted against each

Fig. 1 PC1 score plot for the

different kinds of oils obtained

after computing a 47 9 34

(samples 9 FAME profiles)

data matrix. The different

supplements and providers are

designated by numbered letter
Ks. For details regarding the

providers see ‘‘Experimental’’

Fig. 2 PC1 and PC2 score plot for the different kinds of oils obtained

after computing a 47 9 34 (samples 9 FAME profiles) data matrix.

The different supplements and providers are designated by numbered
letter Ks. For details regarding the providers see ‘‘Experimental’’
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other. The presence of rapeseed and linseed oils in the

composition of K2 was confirmed by searching the web-

page of the manufacturer of this particular supplement. The

PC1 versus PC2 plot (Fig. 2) revealed some variability in

the individual scores for K7 which could be attributed to

experimental errors, indicating the importance of replica-

tion in discrimination studies.

The plot of the loadings of the two first components,

expressing the relationship between the various FAME

(Fig. 3) showed the lack of correlation between 20:5n-3

and 18:1n-9 on the PC2 axis, indicating that none of the

plant oils studied in the present investigation are present in

the composition of supplements K1, K3, K4, K5, K6 and

K7. These observations are in agreement with the various

manufacturers who have reported some special developed

oils (name not disclosed), refined fish oil (from non-

specified origin), gelatin from pork, etc. among the various

constituents of their supplements rather than plant oils.

The superimposition of the three main clusters from

Fig. 2 on the loading plot (Fig. 3) demonstrates unequiv-

ocally that the observed inverse correlation between

20:5n-3 (positive PC2 loading value) and 18:1n-9 (negative

PC2 loading value) is responsible for the discrimination

between supplements (with scores highly associated to

Fig. 3 FAME loading plot for

PC1 and PC2 and its

relationship to the scores

portrayed in Fig. 2. The

different supplements and

providers are designated by

numbered letter Ks. For details

regarding the providers see

‘‘Experimental’’

Fig. 4 PC1 and PC4 score plot for the fish and marine mammal oils

obtained after computing a 24 9 34 (samples 9 FAME profiles) data

matrix. RSA1 and RSA2 are refined seal oils from provider A and

from different batches. CSA is crude seal oil from provider A. RSB is

refined seal oil from provider B. WM and WC are molecularly and

conventionally distilled whale oils from the same provider. For details

regarding the providers see ‘‘Experimental’’

Fig. 5 FAME loading plot for PC1 and PC4 and its relationship to

the scores portrayed in Fig. 4
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20:5n-3) and plant oils (with scores highly associated to

18:1n-9). Similarly, the lack of correlation between 16:1n-

9, 14:0, 20:1n-9, 16:2n-4 (positive PC1 loading values) and

22:0, 18:2n-6 (negative PC1 loading values) is responsible

for discriminating between animal and plant oils.

Discrimination by Using Selected FAME Profiles

from Plant, Supplement and Marine Animal Oils

The discrimination patterns of the various two and pseudo-

three dimensional score plots obtained after performing

PCA on selected FAME profiles were basically similar to

those obtained by using the full FAME profiles (Figs. 1, 2).

However, the graphs consistently misclassified supplement

K2 as containing a mixture of the three plant oils (soy,

linseed and rapeseed oil) while in fact only linseed and

rapeseed oil are present in this particular supplement. This

result indicates that PCA on full FAME profiles outper-

forms the proposed data reduction approach for supplement

classification. The various plots generated with the afore-

mentioned three PCs were also unable to establish a clear

distinction between the various species, brands and grades

of animal oils; hence a further discrimination study was

carried out by using only the full FAME profiles derived

from marine oils.

Discrimination by Using Full FAME Profiles

from Marine Animal Oils

The PC1 and PC4 score plot (Fig. 4) shows that PC1 can

discriminate between the four different types of animal

oils, namely seal oil, cod liver oil, whale oil and salmon oil

and that PC4 can discriminate effectively within every

animal oil species and their alleged qualities. For instance,

it is observed that the two different batches of refined seal

oils from manufacturer-A (designated as RSA1 and RSA2

in Fig. 4) display positive and negative PC4 score values,

respectively, indicating some differences between them. In

addition, the crude and the refined seal oils from the same

manufacturer and designated as CSA and RSA2 in Fig. 4,

exhibit negative scores values, indicating a correlation

between these two oils regardless their alleged qualities.

The discrimination between the seal oils from different

manufacturers namely Rieber Skinn (SA) and JFM Sunile

(SB) is observed in Fig. 4. The variables responsible for the

discrimination between the manufactures are visualized by

means of the PC1 and PC4 loading plot (Fig. 5). The

higher contents of 16:1n-9, 18:1n-7, 20:1n-7 and the lower

contents of 16:2n-4 in SB compared to SA are the main

fatty acids that contribute to distinguish SA from SB.

Similarly, Fig. 4 shows the unmistakably differentiation

between molecularly distilled whale oil (WM) from con-

ventionally distilled whale oil (WC) which is mainly due to

the slightly higher levels of 20:1n-9, the lower levels of

22:6n-3 and 18:4n-3 as well as the lack of 16:4n-3 in WM

compared to WC. The clear-cut distinction between cod

liver and salmon oil along the PC1 axis (Fig. 4) is mainly

attributed to the contribution of several fatty acids such as

18:1n-11 and 16:1n-7 at negative PC1 values and 20:2n-6

and 18:3n-3 at positive PC1 values as indicated in Fig. 5.

Discrimination Between Genuine and Adulterated Oils

The PC1and PC4 score plot (Fig. 6) demonstrates that it is

possible to discriminate adulterated from genuine whale oil

samples. The information retained by PC1 is mainly con-

nected with the nature of the various oils. For instance, five

specific regions can be visualized along the PC1 axis

(salmon, whale, whale ? cod liver, cod liver and seal)

while the information retained by PC4 is mainly connected

with the discrimination within animal oil species, their

alleged qualities and the various proportions of cod liver oil

used to adulterate genuine whale oil.

In conclusion, the different approaches used in the dis-

crimination process indicated that PCA on the full FAME

profiles is the best strategy to discriminate between the

various oils considered in this study. Considering that n-3

rich oils derived from animals are highly regarded as

alternative medicines worldwide, the potentiality of

Fig. 6 PC1 and PC4 score plot for the various genuine marine oils

and three samples of adulterated whale oil (WC) with cod liver oil at

different proportions (90:10, 80:20 and 50:50). The PCs were

obtained after computing a 33 9 34 data matrix. RSA1 and RSA2

are refined seal oils from provider A and from different batches. CSA

is crude seal oil from provider A. RSB is refined seal oil from

provider B. WM and WC are molecularly and conventionally distilled

whale oils from the same provider. For details regarding the providers

see ‘‘Experimental’’. PC1 and PC4 score plot for genuine and

adulterated fish and marine mammal oils by using the full FAME

profiles
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unexplored single or coupled techniques for authentication

and discrimination of these kinds of oils should be inves-

tigated to prevent fraudulent practices.
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42. Standal IB, Praël A, McEvoy L, Axelson DE, Aursand M (2008)

Discrimination of cod liver oil according to Wild/Farmed and

geographical origins by GC and 13C NMR. J Am Oil Chem Soc

85:105–112

43. Rohman A, Man YBC (2009) Analysis of cod-liver oil adulte-

ration using Fourier transform infrared (FTIR) spectroscopy.

J Am Oil Chem Soc 86:1149–1153

44. Cozzolino D, Murray I, Chree A, Scaife JR (2005) Multivariate

determination of free fatty acids and moisture in fish oils by

partial least-squares regression and near-infrared spectroscopy.

LWT-Food Sci Technol 38:821–828

45. Aursand M, Jørgensen L, Grasdalen H (1995) Positional distri-

bution of x3 fatty acids in marine lipid triacylglycerols by high-

resolution 13C nuclear magnetic resonance spectroscopy. J Am

Oil Chem Soc 72:293–297

46. Standal IB, Axelson DE, Aursand M (2009) Differentiation of

fish oils according to species by 13C-NMR regiospecific analyses

of triacyglycerols. J Am Chem Soc 86:401–407

47. Martinez I, Standal IB, Axelson DE, Finstad B, Aursand M

(2009) Identification of the farm origin of salmon by fatty acid

and HR 13C NMR profiling. Food Chem 116:766–773

48. Araujo P, Nguyen TT, Frøyland L, Wang JD, Kang JX (2008)

Evaluation of a rapid method for the quantitative analysis of fatty

acids in various matrices. J Chromatogr A 1212:106–113

1158 Lipids (2010) 45:1147–1158

123


	1-10.pdf
	Early and Sustained Enrichment of Serum n-3 Long Chain Polyunsaturated Fatty Acids in Dogs Fed a Flaxseed Supplemented Diet
	Abstract
	Introduction
	Experimental Procedures
	Flaxseed and Sunflower Seed Supplements
	Animals and Diets
	Sample Analyses
	Statistics

	Results
	Discussion
	Acknowledgments
	References


	11-19.pdf
	The Consumption of Food Products from Linseed-Fed Animals Maintains Erythrocyte Omega-3 Fatty Acids in Obese Humans
	Abstract
	Introduction
	Materials and Methods
	Volunteers
	Study Design
	Anthropometry and Assays
	Lipid Extraction and Fatty Acid (FA) Analysis
	Statistical Analysis

	Results
	Effects of Changes in Animal Feeding on Animal Products Composition and on FA Composition �of Volunteers Diets
	Change in Volunteers&rsquo; RBC FA Composition
	Changes in Anthropometric Parameters
	Changes in Plasma Lipid Parameters

	Discussion
	References


	21-27.pdf
	Dietary Source of Stearidonic Acid Promotes Higher Muscle DHA Concentrations than Linolenic Acid in Hybrid Striped Bass
	Abstract
	Introduction
	Experimental Procedures
	Fish Husbandry
	Diets
	Sample Collection
	Lipid Extraction and Fatty Acid Analysis
	Statistical Analysis

	Results
	Discussion
	Acknowledgments
	References


	29-36.pdf
	Mitochondrial Cholesterol Transporter, StAR, Inhibits Human THP-1 Monocyte-Derived Macrophage Apoptosis
	Abstract
	Introduction
	Experimental Procedure
	Materials and Reagents
	Cell Line and Cell Culture
	Infection of Macrophages with Adenovirus Encoding Human StAR
	Morphological Assessment of Apoptosis by Electron Microscopy
	Agarose Gel Electrophoresis for DNA Fragmentation Detection
	Quantification of Apoptosis by Flow Cytometry
	Determination of Total mRNA by Real-Time Fluorescent Quantitative RT-PCR
	Determination of Relative Protein Levels
	Statistic Analysis

	Results
	StAR Gene was Successfully Overexpressed in THP-1 Derived Macrophages by Infection with Recombinant Adenovirus
	Effect of StAR Overexpression on Morphology �of THP-1 Derived Macrophages and Foam Cells
	Effect of StAR Overexpression on Apoptosis in THP-1 Macrophages and Foam Cells Detected by DNA Fragmentation
	Effect of StAR Overexpression on Apoptosis �and Necrosis in THP-1 Derived Macrophages �Detected by Flow Cytometric
	Effect of StAR Overexpression on Pro- �and Anti-Apoptotic Genes&rsquo; Protein Expression
	Effect of StAR Overexpression on Pro- �and Anti-Apoptotic Genes&rsquo; mRNA Expression

	Discussion
	Acknowledgments
	References


	37-51.pdf
	HOCl-Mediated Glycerophosphocholine �and Glycerophosphoethanolamine Generation �from Plasmalogens in Phospholipid Mixtures
	Abstract
	Introduction
	Experimental Procedures
	Chemicals and Samples
	HOCl Incubation and Lipid Extraction
	MALDI-TOF Mass Spectrometric Measurements
	31P-NMR Spectroscopic Measurements

	Results
	Artificial Lipid Model System
	Artificial Mixture of Choline Glycerophospholipids
	Artificial Mixture of Phosphatidylethanolamines
	ChoGpls and EtnGpls in a Model Mixture

	Boar Spermatozoa Extracts

	Discussion
	Acknowledgment
	References


	53-61.pdf
	Olive Oils Modulate Fatty Acid Content and Signaling Protein Expression in Apolipoprotein E Knockout Mice Brain
	Abstract
	Introduction
	Experimental Procedures
	Animals and Diets
	Analysis of Total Brain Fatty Acids
	Immunoblot Analysis and Quantification�of Membrane-Associated Signaling Proteins�in the Brain
	Statistical Analysis

	Results
	Effect of Chronic ROO and POO Consumption�on Brain Fatty Acid Composition
	Effects of Chronic ROO and POO Consumption�on Membrane Signaling Proteins in the Brain

	Discussion
	Acknowledgments
	References


	63-71.pdf
	The Spectrum of Plant and Animal Sterols in Different �Oil-Derived Intravenous Emulsions
	Abstract
	Introduction
	Materials and Methods
	Samples
	Reagents, Solvents, and Standards
	Lipid Extraction
	Determination of Sterols
	Data Analysis

	Results
	Discussion
	Acknowledgments
	References


	73-80.pdf
	Lipid Abnormalities in a Never-Treated HIV-1 �Subtype C-Infected African Population
	Abstract
	Introduction
	Methods
	Study Design and Participants
	Ethical Considerations
	Experimental Protocol
	Anthropometric Measurements
	Cardiovascular Measurements
	Blood, Serum and Plasma Samples
	Biochemical Analyses
	The Metabolic Syndrome
	Statistical Analysis

	Results
	Discussion
	Acknowledgments
	References


	81-89.pdf
	Use of Comparative Proteomics to Identify Key Proteins Related to Hepatic Lipid Metabolism in Broiler Chickens: Evidence Accounting for Differential Fat Deposition Between Strains
	Abstract
	Introduction
	Materials and Methods
	Reagents
	Animals
	Protein Sample Preparation and Two Dimensional �Gel Electrophoresis
	MALDI-TOF-MS Analysis and Database Queries
	Functional Annotation of Identified Proteins
	Statistical Analysis

	Results
	Changes in Embryo Weight and Liver Weight in AA and SH Broiler Chickens at Various Embryonic Stages and at Hatching
	Comparative Analysis of Liver Proteins between AA and SH Broiler Chickens

	Discussion
	Acknowledgments
	References


	91-96.pdf
	Electron Paramagnetic Resonance Investigation of Stratum Corneum Lipid Structure
	Abstract
	Introduction
	Experimental Section
	Sample Preparations of Stripped SC from Volunteers and Spin Labeling of the SC
	EPR Measurements
	Conventional EPR Analysis
	EPR Slow-Tumbling Simulation Analysis

	Results
	Discussion
	Acknowledgments
	References


	97-110.pdf
	High Dietary Fat Exacerbates Weight Gain and Obesity �in Female Liver Fatty Acid Binding Protein Gene-Ablated Mice
	Abstract
	Introduction
	Materials and Methods
	Materials
	Animals
	Composition of Experimental Diets
	Dietary Study
	Whole-Body Phenotype
	Serum &bgr;-Hydroxybutyrate Measurement
	Liver Lipid Content
	Real-Time PCR of Mouse Liver RNA
	Statistical Analysis

	Results
	Effect of High-Fat Diet and L-FABP Gene Ablation �on Food Consumption
	Effect of High-Fat Diet and Sex on Weight Gain �and Body Weight in Wild-Type Mice
	Effect of High-Fat Diet and Sex on Weight Gain �and Body Weight in L-FABP Knockout Mice
	Effect of High-Fat Diet and Sex on Liver Weight
	Effect of High-Fat Diet and Sex on Fat and Lean Tissue Mass in Wild-Type Mice
	Effect of L-FABP Gene Ablation on Fat and Lean Tissue Mass in Response to A High-Fat Diet
	Effect of High Fat Diet and L-FABP Gene Ablation �on Fatty Acid Oxidation: Serum &bgr;-Hydroxybutyrate Level
	Effect of High-Fat Diet and L-FABP Gene Ablation �on Hepatic Levels of Peroxisomal Enzymes Involved �in Fatty Acid Oxidation
	Effect of High-Fat Diet and L-FABP Gene Ablation �on Hepatic Levels of Mitochondrial Enzymes Involved in Fatty Acid Oxidation
	Effect of High-Fat Diet and L-FABP Gene Ablation �on Hepatic Levels of Microsomal Enzymes Involved �in Lipid Metabolism

	Discussion
	Acknowledgments
	References


	111-128.pdf
	Rapid Development of Fasting-Induced Hepatic Lipidosis �in the American Mink (Neovison vison): Effects of Food Deprivation and Re-Alimentation on Body Fat Depots, �Tissue Fatty Acid Profiles, Hematology and Endocrinology
	Abstract
	Introduction
	Experimental Procedures
	Statistical Analysis

	Results
	BW Loss, Liver Lipid Content and Body Fat Mobilization
	Liver Lipid Classes
	Hematology, Clinical Chemistry and Endocrinology
	Tissue FA Profiles

	Discussion
	BW Loss, Fat Mobilization, HSI and Liver Fat Content
	Hematology, Endocrinology and Clinical Chemistry
	Liver Lipids and Tissue FA Profiles

	Acknowledgments
	References


	129-135.pdf
	Serum Phospholipid Transfer Protein Activity After a High Fat Meal in Patients with Insulin-Treated Type 2 Diabetes
	Abstract
	Introduction
	Experimental Procedure
	Study Population
	Laboratory Methods
	Statistical Analysis

	Results
	Baseline Data
	Pre- and Post-Prandial PLTP Activity, Total Cholesterol, HDL Cholesterol, Triglycerides, and CRP
	Correlation Analyses
	Glucose Levels

	Discussion
	Acknowledgments
	References


	137-144.pdf
	Fatty Acid Composition of Plasma, Erythrocytes and Adipose: Their Correlations and Effects of Age and Sex
	Abstract
	Introduction
	Experimental Procedures
	Subjects
	Fatty Acid Analysis
	Statistical Analysis

	Results
	Subjects
	Fatty Acid Analysis
	Fatty Acid Analysis for Cholesterol Gallstone Patients
	Correlations of Fatty Acid Profile in Plasma �and the Erythrocyte PL and Adipose TG Fraction
	Differences in Fatty Acid Composition Due to Sex
	Changes in PUFAs with Age
	Correlations Between EPA + DHA, and Age and BMI
	Correlations Between LA + AA, and Age and BMI

	Discussion
	Acknowledgments
	References


	145-157.pdf
	DGAT1, DGAT2 and PDAT Expression in Seeds and Other Tissues of Epoxy and Hydroxy Fatty Acid Accumulating Plants
	Abstract
	Introduction
	Materials and Methods
	Plant Materials
	Northern Blots
	Real-Time PCR Quantification
	Fatty Acid Analysis

	Results
	Expression of DGAT1, DGAT2 and PDAT in Different Plant Tissues
	Temporal Expression Patterns of DGAT1, DGAT2 �and PDAT Transcripts During Seed Development
	Developmental Changes in Seed Oil Content
	Fatty Acid Profiles Through Seed Development
	Coordinate Expression of DGAT1, 2 and PDAT �is Consistent with High Epoxy and Hydroxy Fatty Acid Accumulation in Seeds

	Discussion
	Acknowledgments
	References


	159-165.pdf
	Facile and Stereoselective Synthesis of (Z)-15-Octadecenoic Acid and (Z)-16-Nonadecenoic Acid: Monounsaturated Omega-3 Fatty Acids
	Abstract
	Introduction
	Experimental Procedures
	Instrumentation
	Chemicals
	General Procedure for the Synthesis of the Methyl Esters 5 and 6
	Methyl 15-hydroxypentadecanoate (5)
	Methyl 16-hydroxyhexadecanoate (6)
	General Procedure for the Synthesis of Aldehydes 7 and 8
	Methyl 15-oxopentadecanoate (7)
	Methyl 16-oxohexadecanoate (8)
	General Procedure for the Synthesis of Omega-3 Fatty Acid Methyl Esters 9 and 10
	Methyl (Z)-15-octadecenoate (9)
	Methyl (Z)-16-nonadecenoate (10)
	General Procedure for the Synthesis of Omega-3 Fatty Acids 1 and 2
	(Z)-15-octadecenoic acid (1)
	(Z)-16-nonadecenoic acid (2)

	Results and Discussion
	Synthesis
	Omega-3 Olefinic Bond Characterisation

	Conclusions
	Acknowledgments
	References


	167-177.pdf
	Possible Biosynthetic Pathways for all cis-3,6,9,12,15,19,22,�25,28-Hentriacontanonaene in Bacteria
	Abstract
	Introduction
	Experimental Procedures
	Strains and Culture Conditions of Bacteria �and Eukaryotes
	Extraction and Analysis of Lipids
	DNA Procedures

	Results
	Extraction and Cellular Contents of Polyunsaturated Hydrocarbons and Fatty Acids
	Effects of Temperature on the Growth of Strain osh08 and Content of EPA and C31:9
	Physicochemical Analysis of C31:9
	Distribution of C31:9 in Various Microorganisms �and its Possible Biosynthetic Pathways
	Tentative Identification of Strain osh08

	Discussion
	Acknowledgments
	References


	179-187.pdf
	Isolation and Characterization of a Stress-Dependent Plastidial &Dgr;12 Fatty Acid Desaturase from the Antarctic Microalga�Chlorella vulgaris NJ-7
	Abstract
	Introduction
	Materials and Methods
	Strains and Growth Conditions
	DNA and RNA Isolation and cDNA Synthesis
	PCR with Degenerate Primers
	Full-Length cDNA and Genomic Sequences Isolation
	Sequence Analysis
	Expression in Yeast
	Growth Under Various Stresses and Quantification Real Time PCR (qRT-PCR)
	Nucleotide Sequencing and Accession Number

	Results
	Cloning and Characterization of the CvFAD6 Gene
	Comparison with Other Desaturases
	Phylogenetic Analysis
	Functional Analysis in S. cerevisiae
	Effects of Temperature and Salt Stress on the Growth�of C. Vulgaris and CvFAD6 Expression

	Discussion
	Acknowledgments
	References


	189-198.pdf
	Chemical Structure of Bacteriovorax stolpii Lipid A
	Abstract
	Introduction
	Experimental Procedures
	Bacterial Growth and Lipopolysaccharide Extraction
	Gel Electrophoresis of LPS
	Isolation and Derivatisation of Lipid A
	Fatty Acid Analysis
	Sugar Analyses
	Mass Spectrometry
	Nuclear Magnetic Resonance Spectroscopy

	Results
	SDS-PAGE and Mass Spectrometry of LPS
	Compositional Analysis of B. stolpii Lipid A
	Mass Spectrometry of B. stolpii Lipid A
	NMR Spectroscopy of B. stolpii Lipid A

	Discussion
	Acknowledgments
	References


	199-208.pdf
	An Improved Method for Determining Medium- and Long-Chain FAMEs Using Gas Chromatography
	Abstract
	Introduction
	Materials and Methods
	Materials
	Instrumentation
	Optimization of the One-Step Extraction Transesterification Process
	Method A
	Method B
	Method C

	Data Quantification
	Determination of the Relative Response Factor
	Theoretical Relative Response Factor
	Experimental Relative Response Factor


	Results and Discussion
	Optimization of GC Parameters
	Optimization of a One-Step Transesterification
	Relative Response Factor
	Comparison of Methods for Data Calculation
	Total Fatty Acid Analysis of Two Lipid Emulsions

	Acknowledgments
	References


	209-224.pdf
	Elevated Production of Docosahexaenoic Acid in Females: Potential Molecular Mechanisms
	Abstract
	Introduction
	Dietary Sources of DHA
	Preformed DHA
	Dietary Precursors of DHA

	Mammalian DHA Biosynthesis
	Sex Differences in DHA Status and Metabolism
	Role of Estrogen in DHA Biosynthesis
	Estrogen Signalling Mechanisms
	Peroxisome Proliferator-Activated Receptor  alpha  (PPAR alpha )
	Estrogen and PPAR alpha 
	Estrogen Increases PPAR alpha  Activity by Phosphorylation
	Increased Concentration of Intracellular  PPAR alpha  Ligands
	Conclusions
	References


	225-236.pdf
	Lysophosphatidylcholine Containing Docosahexaenoic Acid  at the sn-1 Position is Anti-inflammatory
	Abstract
	Introduction
	Materials and Methods
	Materials
	Measurement of Polyunsaturated LysoPtdCho Induced Cytotoxicity in RAW 264.7 cells
	Preventive Effect of LysoPtdCho on LPS-Induced NO Production in RAW 264.7 Cells
	Effect of DHA-lysoPtdCho on LPS-Induced TNF- alpha ,  IL-6, and PGE2 Formation in RAW 264.7 Cells
	Effect of Polyunsaturated LysoPtdCho on Zymosan  A-Induced Peritonitis in Mice
	Determination of LTC4, TNF- alpha , and IL-6 Levels  in Peritoneal Lavage Fluid
	Effect of DHA-LysoPtdCho on Leukotriene C4-Induced Plasma Leakage
	Statistical Analysis

	Results
	Effects of Polyunsaturated LysoPtdChos on LPS-Induced Production of Mediators in RAW 264.7 Cells
	Effects of Polyunsaturated LysoPtdChos on Zymosan A-Induced Plasma Leakage
	Effect of DHA-LysoPtdCho, Administered i.p.  on Zymosan A-Induced Plasma Leakage
	Effect of DHA-LysoPtdCho, Administered Orally  on Zymosan A-Induced Plasma Leakage

	Discussion
	Acknowledgments
	References


	237-244.pdf
	Protein Tyrosine Phosphatase-1B (PTP-1B) Knockdown Improves Palmitate-Induced Insulin Resistance in C2C12 Skeletal Muscle Cells
	Abstract
	Introduction
	Materials and Methods
	Plasmid Preparation
	Cell Culture
	Myoblast Transient Transfection
	Stable Transfection
	Western Blot Analysis
	Muscle Creatine Kinase (MCK) Assay
	Palmitate Treatment
	Glucose Uptake Assay
	Statistical Analysis

	Results
	Confirming Silencing of the PTP-1B in C2C12 Cells
	No Difference in Muscle Creatine Kinase Activity  in PTP-1B Knockdown Stable and Control Cell Lines
	Enhancement of Insulin Signaling by PTP-1B Knockdown in the Presence of Palmitate
	Enhancement of Glucose Uptake in the PTP-1B Knockdown Cells Treated With Palmitate

	Discussion
	Conclusion
	Acknowledgments
	References


	245-251.pdf
	Trans Fatty Acids in Human Milk are an Indicator of Different Maternal Dietary Sources Containing Trans Fatty Acids
	Abstract
	Introduction
	Experimental Procedures
	Subjects and Collection of Breast Milk
	Breast Milk Sampling and Fatty Acids Analysis
	Food Frequency Questionnaire
	Statistical Methods

	Results and Discussion
	Acknowledgments
	References


	253-261.pdf
	Phospholipid Distribution and Phospholipid Fatty Acids  of the Tropical Tunicates Eudistoma sp. and Leptoclinides uniorbis
	Abstract
	Introduction
	Materials and Methods
	Animals
	Extraction, Isolation and Analysis of PL
	Preparation and GC--MS Analyses of FA Methyl Esters and N-Acyl Pyrrolidides

	Results
	Lipid Content and Lipid Class Composition
	PL Fatty Acid Composition
	Saturated FA
	Monounsaturated FA
	Polyunsaturated FA
	Fatty Aldehydes (Dimethylacetals)

	Discussion
	Acknowledgments
	References


	263-273.pdf
	Fatty Acyl-CoA Reductase and Wax Synthase from Euglena gracilis in the Biosynthesis of Medium-Chain Wax Esters
	Abstract
	Introduction
	Experimental Procedures
	Isolation of Putative Euglena Fatty Acyl-CoA Reductase (EgFAR) and Euglena Wax Synthase (EgWS)
	DNA Sequencing and Analysis
	Amino Acid Sequence Alignment and Phylogenetic Analysis
	Construction of Yeast Expression Vectors Harboring EgFAR, EgWS and EgFAR-EgWS
	Functional Analysis of EgFAR and EgWS in Yeast
	In Vitro Assays of EgFAR and EgWS
	Co-Expression of EgFAR and EgWS in Yeast
	Analysis of Fatty Acids, Fatty Alcohols and Wax Esters of Yeast Transformants
	GC, GC--MS and TLC Analysis

	Results
	Isolation of Two cDNAs Encoding Putative Fatty  acyl-CoA Reductase and Wax Synthase  from E. gracilis
	Functional Analysis of EgFAR and EgWS in Yeast
	Reconstitution of the Euglena Wax Biosynthetic Pathway in Yeast

	Discussion
	Acknowledgments
	References


	275-283.pdf
	Fetal Bovine Serum Concentration Affects  Delta 9 Desaturase Activity of Trypanosoma cruzi
	Abstract
	Introduction
	Experimental Procedure
	Materials
	Parasite Strain and Growth Conditions
	Enzyme Extraction
	Enzymatic Assays
	Lipid Extraction
	Processing of Radioactive Samples
	Separation and Analysis of PL and Neutral Lipids
	Separation and Analysis of Labelled Fatty Acids from Lipids

	Analysis of FBS Fatty Acids
	Statistical Analysis

	Results
	Effect of FBS on Delta9 and Delta12 Desaturase Activities
	Kinetic Parameters of Desaturases
	 Delta 9 Desaturase
	Delta12 Desaturase

	Effects of Protein Concentration and Preincubation Time on Desaturase Specific Activities
	Other Biochemical Properties of Delta9 Desaturase

	Discussion
	Acknowledgments
	References


	285-290.pdf
	Trans Fatty Acid-Induced NF- kappa B Activation Does Not Induce Insulin Resistance in Cultured Murine Skeletal Muscle Cells
	Abstract
	Introduction
	Materials and Methods
	Cell Culture
	Fatty Acid Incubations
	Statistical Analysis

	Results and Discussion
	References


	291-299.pdf
	Genetic Ablation of CD36 Does not Alter Mouse Brain Polyunsaturated Fatty Acid Concentrations
	Abstract
	Introduction
	Materials and Methods
	Animals and Treatments
	Brain Lipid Extraction and Gas Chromatography/Flame Ionization Detection
	Brain Cholesterol Analysis by Gas Chromatography/Mass Spectrometry
	Statistics

	Results
	Cortex, Hippocampus, Cerebellum and Remainder  of Brain Esterified Fatty Acid Concentrations
	Cortex, Hippocampus, Cerebellum and Remainder  of Brain Cholesterol Concentrations

	Discussion
	Acknowledgments
	References


	301-311.pdf
	Trans-Membrane Uptake and Intracellular Metabolism of Fatty Acids in Atlantic Salmon (Salmo salar L.) Hepatocytes
	Abstract
	Introduction
	Materials
	Methods
	Preparation of Hepatocytes
	18:1n-9 Uptake Depending on Time and Concentration
	Inhibition of Fatty Acid Uptake
	Incorporation of Fatty Acids into Lipid Classes
	Assay of Hepatocytes  beta -Oxidation Activity
	Apoptosis Test: MTT Test and Hoechst Staining Test
	Statistical Analysis

	Results
	18:1n-9 Uptake-Time Course Study
	18:1n-9 Uptake-Concentration Study
	Effects of Different Membrane Protein Inhibitors on 18:1n-9 Uptake
	Uptake of Vegetable- and Fish Oil Fatty Acids into Hepatocytes
	Incorporation of Fatty Acids into Hepatocyte Lipids
	Fatty Acid Catabolism
	Cell Viability

	Discussion
	Acknowledgments
	References


	313-320.pdf
	The Influence of n-3 PUFA Supplements and n-3 PUFA Enriched Foods on the n-3 LC PUFA Intake of Flemish Women
	Abstract
	Introduction
	Materials and Methods
	Market Study
	Food Frequency Questionnaire
	Population Sample
	Fatty Acid Composition
	Evaluating the EPA&DHA Intake
	Statistics

	Results
	Market Study
	Participation Rate and Sample Characteristics
	Consumption of n-3 PUFA Supplements, n-3 PUFA Enriched Foods and Foods Naturally Rich in n-3 LC PUFA
	The Intake of EPA&DHA

	Discussion
	Conclusion
	Acknowledgments
	References


	321-327.pdf
	Serum Oxidized-LDL is Associated with Diabetes Duration Independent of Maintaining Optimized Levels of LDL-Cholesterol
	Abstract
	Introduction
	Methods
	Participants
	Blood Samples
	Statistical Analysis

	Results
	Discussion
	Conflict of interest statement
	References


	329-335.pdf
	Pitavastatin Reduces Lectin-Like Oxidized Low-Density Lipoprotein Receptor-1 Ligands in Hypercholesterolemic Humans
	Abstract
	Introduction
	Methods
	Study Patients
	Protocol
	Measurement of Biomarkers
	Measurement of sLOX-1
	Measurement of LOX-1 Ligand Activity
	Statistical Analysis

	Results
	Subject Characteristics
	Effects of Pitavastatin on Biochemical Profiles
	Measurement of LDL Ligands, sLOX-1, and High-Sensitivity CRP

	Discussion
	Study Limitations
	Acknowledgments
	References


	337-344.pdf
	Exercise and Zoledronic Acid on Lipid Profile and Bone Remodeling in Ovariectomized Rats: a Paradoxical Negative Association?
	Abstract
	Introduction
	Materials and Methods
	Rat Groups and Treatment
	Exercise Regimen
	Lipids and Bone Turnover Biomarkers
	Plasma Cytokine TNF- alpha 
	Body Weight, Fat Mass, Lean Mass and Bone Mineral Content (BMC) Measurements
	Statistical Analysis

	Results
	Anthropometrics and Densitometry Parameters
	Lipid Profile
	Plasma Cytokine TNF- alpha 
	Bone Turnover

	Discussion
	Acknowledgments
	References


	345-355.pdf
	Expression of Genes Associated with Bone Resorption is Increased and Bone Formation is Decreased in Mice Fed a High-Fat Diet
	Abstract
	Introduction
	Materials and Methods
	Animals
	Experimental Design and Samples Preparation
	Bone Metabolic Biomarkers in Plasma
	Bone Mineral Density and Mechanical Testing
	DNA Microarray Procedure
	DNA Microarray Data Analysis
	Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction
	Statistical Analysis

	Results
	Food Intake, Body Weight, and Fat Mass
	BMD and Mechanical Testing
	Bone Metabolism and Related Gene Expression Profiles
	Lipid Metabolism- and Antioxidant System-Related Gene Expression Profiles in Femur
	Signal Transduction-Related Gene Expression Profiles in Femur
	Confirmation of Differential Expression of Selected Genes by Real-Time RT-PCR Analysis

	Discussion
	Acknowledgments
	References


	357-365.pdf
	Enantioselective Analysis of Chiral Anteiso Fatty Acids  in the Polar and Neutral Lipids of Food
	Abstract
	Introduction
	Materials and Methods
	Chemicals and Standards
	Food Samples
	Extraction of Food Samples
	Solid Phase Extraction
	Enrichment of Anteiso FAME by Reversed Phase High Performance Liquid Chromatography (RP-HPLC)
	Gas Chromatography in Combination with Electron Ionization Mass Spectrometry (GC/EI-MS)
	Heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)- beta -cyclodextrin ( beta -TBDM) Columns Tested
	Method Validation and Mode of Evaluation

	Results and Discussion
	Analysis of Racemic aFA as Methyl Esters on Different Chiral Capillary Columns
	Enrichment of Anteiso Fatty Acids from Food Samples
	Enantioselective GC/EI-MS-SIM Analysis of aFA in Food Samples after Conversion into Methyl Esters and Enrichment by RP-HPLC
	Fish und Seal Oil
	Cheese Samples

	Acknowledgements
	References


	367-374.pdf
	Preparation of Fatty Acid Methyl Esters by Selective Methanolysis of Polar Glycerolipids
	Abstract
	Introduction
	Materials and Methods
	Reagents
	TLC and GC
	Conventional Preparation of FAMEs
	Selective Methanolysis of Polar Glycerolipids
	Preparation of FAMEs from Polar Glycerolipids  in Blood

	Results
	Effects of KOH Concentration, Water Content,  and Reaction Time on Methanolysis of PLs
	Contamination with FAMEs Derived from TGs
	Determination of the Fatty Acid Compositions of Polar Glycerolipids in Seed Oils and Leaf Lipids
	Determination of the Fatty Acid Composition of Polar Glycerolipids in Blood
	Removal of CEs from Blood Prior to Methanolysis
	Preparation of FAMEs from Polar Glycerolipids in Blood


	Discussion
	Acknowledgments
	References


	375-384.pdf
	Docosahexaenoic Acid (DHA) and Docosapentaenoic Acid  (DPAn-6) Algal Oils Reduce Inflammatory Mediators in Human Peripheral Mononuclear Cells In Vitro and Paw Edema In Vivo
	Abstract
	Introduction
	Materials and Methods
	Fatty Acid Sodium Salts for In Vitro Experiments
	Human Cell Culture
	In Vitro LPS Stimulation of PBMC
	IL-1 beta  and TNF- alpha  ELISA
	Determination of COX-1, COX-2, and PGE2 Levels
	Animals and Diets
	DHA-S, DHA-T, ARASCOtrade
	Evaluation of the Algal Oils in a Rodent Model  of Carrageenan Paw Edema (CPE)
	Dose-Response Evaluation of DPAn-6 in a Rodent CPE Model
	Fatty Acid Methyl Ester (FAME) Analysis
	Statistical Analyses

	Results
	DPAn-6 Has Potent Anti-Inflammatory Activity  In Vitro
	Effects of the Individual and Combinations of Fatty Acids on IL-1 beta  Secretion In Vitro
	DPAn-6 Reduces COX-2 and PGE2 Production In Vitro
	DHA/DPAn-6-rich DHA-S Oil Significantly Reduces Inflammation in a Rodent Paw Edema Model
	DPAn-6 Reduces Inflammatory Edema in a Dose-Response Rodent Model of Hind Paw Edema

	Discussion
	Acknowledgments
	References


	385-392.pdf
	Effects of Partially Hydrogenated, Semi-Saturated, and High Oleate Vegetable Oils on Inflammatory Markers and Lipids
	Abstract
	Introduction
	Methods
	Subjects
	Study Design
	Diets and Test Fats
	Blood Sampling
	Fatty Acid Analysis
	Inflammatory Markers
	Lipid, Lipoproteins and hsCRP
	Ethical Considerations
	Statistics

	Results
	Compliance and Dietary Intake
	Serum Inflammatory Markers
	Serum Lipids and Lipoproteins

	Discussion
	Acknowledgments
	References


	393-400.pdf
	Modulation of Platelet Aggregation, Haematological  and Histological Parameters by Structured Lipids  on Hypercholesterolaemic Rats
	Abstract
	Introduction
	Materials and Methods
	Materials
	Preparation of Oils
	Chromatographic Analysis of Oils
	Experimental Animals
	Collection of Blood Samples and Measurement  of Haematological Parameters
	Platelet Preparation
	Platelet Aggregation Study
	Analysis of Liver Lipids
	Histopathology
	Data Analysis and Statistical Procedures

	Results
	Composition of Oils
	Nutritional Performance of Rats Fed  with Experimental Oils
	Haematological Parameters
	In Vitro Platelet Aggregation
	Liver Lipid Analysis
	Histopathology of the Liver

	Discussion
	Acknowledgements
	References


	401-407.pdf
	Saponified Evening Primrose Oil Reduces Melanogenesis in B16 Melanoma Cells and Reduces UV-Induced Skin Pigmentation in Humans
	Abstract
	Introduction
	Experimental Procedures
	Cells and Materials
	Saponification of Evening Primrose Oil
	MTT Assay
	Melanin Content Measurement
	Tyrosinase Activity Assay
	Western Blotting
	RNA Isolation and Real-Time RT-PCR
	UVB-Induced Hyperpigmentation
	Statistical Analysis

	Results
	Inhibition of Melanin Synthesis by sap-EPO
	Inhibition of Tyrosinase Activity by sap-EPO
	Downregulation of the Expressions of Tyrosinase and Related Genes by sap-EPO
	Whitening Effect of sap-EPO on UVB-Induced Hyperpigmentation of Human Skin

	Discussion
	Acknowledgments
	References


	409-418.pdf
	Fatty Acid Composition of the Maternal Diet During the First  or the Second Half of Gestation Influences the Fatty Acid Composition of Sows’ Milk and Plasma, and Plasma  of Their Piglets
	Abstract
	Introduction
	Methods
	Animals and Diets
	Sample Collection
	Sample Analyses
	Statistical Analyses

	Results
	Discussion
	Dietary Supplement During the First Half of Gestation
	Dietary Treatment During the Second Half of Gestation

	Conclusion
	Acknowledgments
	References


	419-427.pdf
	Molecular Dynamics and Partitioning of Di-tert-butyl Nitroxide  in Stratum Corneum Membranes: Effect of Terpenes
	Abstract
	Introduction
	Materials and Methods
	Preparation of SC Membranes
	Spin Labeling and Treatment of SC
	Preparation of Lipid Dispersions
	EPR Spectroscopy

	Results
	Analysis of EPR Spectra
	Partition Coefficient of DTBN between  the Hydrocarbon and Polar Phases
	Molecular Dynamics of DTBN into Hydrocarbon  and Aqueous Phases
	Polarity Environments of DTBN into Hydrocarbon  and Aqueous Phases

	Discussion
	Acknowledgments
	References


	429-436.pdf
	Impact of Administered Bifidobacterium on Murine Host Fatty Acid Composition
	Abstract
	Introduction
	Experimental Procedure
	Preparation and Administration of B. breve NCIMB 702258
	Animals and Treatment
	Microbial Analysis
	Lipid Extraction and Fatty Acid Analysis
	Statistical Analysis

	Results
	Microbial Analysis
	Tissue Fatty Acid Composition

	Discussion
	Acknowledgments
	References


	437-444.pdf
	Occurrence of the cis-4,7,10, trans-13-22:4 Fatty Acid  in the Family Pectinidae (Mollusca: Bivalvia)
	Abstract
	Introduction
	Materials and Methods
	Scallop Species Collection
	Sample Preparation and Lipid Extraction
	Separation of Polar Lipids by Silica Gel Micro-column and FA Analysis

	Results
	Discussion
	Acknowledgments
	References


	445-450.pdf
	The Effects of Ezetimibe and/or Orlistat on Triglyceride-Rich Lipoprotein Metabolism in Obese Hypercholesterolemic Patients
	Abstract
	Introduction
	Patients and Methods
	Participants
	Laboratory Measurements
	Statistical Analysis

	Results
	Discussion
	Conflict of interest statement
	References


	451-455.pdf
	Identification of Glucosylceramides Containing Sphingatrienine  in Maize and Rice Using Ion Trap Mass Spectrometry
	Abstract
	Introduction
	Experimental Procedures
	Materials
	LC--MS/MS Analyses

	Results and Discussion
	Acknowledgments
	References


	457-461.pdf
	Pecipamide, a New Sphingosine Derivative from the Cultures  of Polyporus picipes (Basidiomycetes)
	Abstract
	Introduction
	Results and Discussion
	Experimental Section
	General Experimental Procedures
	Producing Fungus
	Fermentation
	Extraction and Isolation
	Methanolysis of Compound 1

	Acknowledgments
	References


	463-464.pdf
	Erratum to: Trans Fatty Acid-Induced NF- kappa B Activation  Does Not Induce Insulin Resistance in Cultured Murine Skeletal Muscle Cells
	Erratum to: Lipids (2010) 45:285--290 DOI 10.1007/s11745-010-3388-1


	465-477.pdf
	Intracellular Lipid Droplets Contain Dynamic Pools of Sphingomyelin: ADRP Binds Phospholipids with High Affinity
	Abstract
	Introduction
	Materials and Methods
	Materials
	L-Cell Culture
	Laser Scanning Confocal Microscopy
	NBD-Sphingomyelin Stability
	NBD-Sphingomyelin Efflux
	Western Blot Analysis
	Lipid Analyses
	NBD-Sphingomyelin Binding Affinity

	Results
	Intracellular Localization of NBD-Sphingomyelin
	HDL-Mediated NBD-Sphingomyelin Efflux from Lipid Droplets and the Plasma Membrane
	NBD-Sphingomyelin Binding Affinity for Proteins in Isolated Membrane Fractions

	Discussion
	Acknowledgments
	References


	479-489.pdf
	 beta 3-Adrenergic Signaling Acutely Down Regulates Adipose Triglyceride Lipase in Brown Adipocytes
	Abstract
	Introduction
	Materials and Methods
	Animals and Cold Exposure
	In Vitro and Ex Vivo Experiments
	Quantitative-Real-Time PCR Detection of Total Gene Expression
	Protein Isolation and Immunoblotting
	Glycerol Release Assay
	Statistical Analysis

	Results
	Cold Stress Modulates Fatty Acid Binding Protein  and Fatty Acid Transport Expression Levels in BAT
	Cold Induces Down-Regulation of Lipolytic Genes in BAT
	Cold Exposure Affects BAT Intracellular Signaling Events
	The  beta 3AR Agonist, CL 316,243, Down-Regulates ATGL Protein and Gene Transcript Levels in Mouse Brown Adipocytes, but not White
	CL 316,243 Activates Akt, However, Blockade of PI3 K Does not Rescue ATGL Protein Levels
	 beta 3AR Signaling-Mediated Degradation of ATGL  is PKA Dependent in Brown but not White Adipocytes

	Discussion
	Acknowledgments
	References


	491-500.pdf
	Influence of Simvastatin on apoB-100 Secretion in Non-Obese Subjects with Mild Hypercholesterolemia
	Abstract
	Introduction
	Experimental Procedures
	Study Design
	Study Population and Drug Treatment
	Experimental Protocol For In Vivo Stable Isotope Kinetics
	Measurement of Lipoprotein and apoB Concentrations
	Isolation of apoB-100 and Amino Acid Preparation
	Lipoprotein Separation
	ApoB-100 Separation, Isolation of Amino Acids  and Amino Acid Derivatization
	Determination of Isotopic Enrichment
	Kinetic Analysis

	Statistical Analysis

	Results
	Characteristics of Subjects
	Lipoprotein Concentrations and Relative Composition
	Lipoprotein Concentrations
	Lipoprotein Composition
	Kinetics of apoB-100


	Discussion
	Acknowledgments
	References


	501-510.pdf
	Medium- and Long-Chain Triacylglycerols Reduce Body Fat  and Blood Triacylglycerols in Hypertriacylglycerolemic,  Overweight but not Obese, Chinese Individuals
	Abstract
	Introduction
	Materials and Methods
	Study Design and Subjects
	Anthropometric and Biochemical Measurements
	Measurement of Body Fat and Abdominal Fat Area  by Computed Tomography (CT)
	Test Oils
	Statistical Analysis

	Results
	Subjects
	Intakes of Energy, Protein, Fat, Carbohydrate  and Physical Activity Time and Gender Distribution
	Anthropometric Measurements
	Body Fat Composition
	Blood Biochemical Variables

	Discussion
	Conclusion
	Acknowledgments
	References


	511-517.pdf
	APOA1/A5 Variants and Haplotypes as a Risk Factor for Obesity and Better Lipid Profiles in a Brazilian Elderly Cohort
	Abstract
	Introduction
	Experimental Procedure
	Studied Population
	Laboratory Examinations
	DNA Extraction
	Polymorphism Detection
	Statistical Analyses

	Results
	Discussion
	Acknowledgments
	References


	519-530.pdf
	Identification and Characterization of  Delta 12,  Delta 6, and  Delta 5 Desaturases from the Green Microalga Parietochloris incisa
	Abstract
	Introduction
	Materials and Methods
	Strains and Growth Conditions
	RNA Isolation
	Gene Cloning
	Expression and Functional Characterization  in the Yeast Saccharomyces cerevisiae
	Fatty Acid Analysis
	Lipid Analysis
	Real-Time Quantitative PCR
	Primer Design and Validation for Real-Time Quantitative PCR

	Results
	Isolation and Identification of cDNA for  Delta 12,  Delta 6,  and  Delta 5 Desaturase Genes of P. incisa
	Phylogenetic Analysis
	Functional Expression of PiDes12, PiDes6, and PiDes5 in S. cerevisiae
	Expression Profiles of PiDes12, PiDes6, and PiDes5 Under Nitrogen Starvation

	Discussion
	Acknowledgments
	References


	531-536.pdf
	Effect of Conjugated Linoleic Acid on Cyprinus carpio var. Jian Regarding Growth, Immunity, and Disease Resistance  to Aeromonas hydrophila
	Abstract
	Introduction
	Materials and Methods
	Diet Preparation
	Fish Feeding and Challenge
	Sample Collection and Analysis
	Calculations and Statistical Analyses

	Results
	Discussion
	Acknowledgments
	References


	537-548.pdf
	Characteristics of the Fatty Acid Composition of a Deep-Sea Vent Gastropod, Ifremeria nautilei
	Abstract
	Introduction
	Materials and Methods
	Materials
	Lipid Extraction and Analysis of Lipid Classes
	NMR Spectrometry and the Determination of Lipid Classes
	Preparation of Methyl Esters and Gas--Liquid Chromatography Analysis
	Preparation of 4,4-Dimethyloxazoline Derivatives (DMOX) and Its Analysis by Gas Chromatography--Mass Spectrometry (GC--MS)
	Statistical Analyses

	Results and Discussion
	Lipid Content and Lipid Classes of I. nautilei
	Fatty Acid Composition and Its Similarity to Depot TAG Lipids Among All Organs of I. nautilei
	Fatty Acid Composition in Tissue Phospholipids of I. nautilei
	Non-essentiality of DHA in the Lipids of I. nautilei
	Biosynthesis of NMID in I. nautilei

	Acknowledgments
	References


	549-558.pdf
	Sitosterol Thermo-oxidative Degradation Leads to the Formation of Dimers, Trimers and Oligomers: A Study Using Combined Size Exclusion Chromatography/Mass Spectrometry
	Abstract
	Introduction
	Materials and Methods
	Materials
	Sample Preparation
	Separation of Oligomers
	Identification of Polymers

	Results and Discussion
	Sterol Monomer Fraction
	Fragmented Sterol Fraction
	Sterol Dimer Fraction
	Sterol Trimer Fraction

	Acknowledgments
	References


	559-565.pdf
	Near-Infrared Spectroscopy and Partial Least-Squares Regression for Determination of Arachidonic Acid in Powdered Oil
	Abstract
	Introduction
	Materials and Methods
	Reagents
	Samples Preparation
	Reference Methods
	FT-NIR Instrumentation and Spectral Collection
	Data Processing and Development of the Calibration Model

	Results and Discussion
	Reference Method Measurement of ARA
	Spectral Characteristics
	NIR Models

	Acknowledgments
	References


	567-580.pdf
	Acyl-CoA Binding Protein Gene Ablation Induces  Pre-implantation Embryonic Lethality in Mice
	Abstract
	Introduction
	Materials and Methods
	Materials
	Construct Preparation
	Embryonic Stem Cells
	Embryo Isolations
	Animals
	Generation of ACBP Gene-Ablated Mice
	Isolation of Pre- and Post-Implantation Stage Embryos
	Genotyping of Pre- and Post-Implantation Embryos
	Quantitative (Real-Time) Reverse Transcriptase PCR


	Results
	Generation of ACBP Gene-Ablated Mice
	ACBP Heterozygous Mice Are Phenotypically Normal
	The ACBP-Null Mutation is Embryonically Lethal
	Genotypes of Post-implantation Embryos
	Genotypes of Pre-implantation Embryos
	Q-rtPCR of ACBP in Pre-implantation Embryos
	Concomitant Upregulation Of Other Long-Chain Fatty Acyl-CoA Binding Proteins
	Effect on Unbound Free Long-Chain Fatty Acyl-CoA (LCFA-CoA) Concentration

	Discussion
	Acknowledgments
	References


	581-591.pdf
	Dissimilar Properties of Vaccenic Versus Elaidic Acid  in  beta -Oxidation Activities and Gene Regulation in Rat Liver Cells
	Abstract
	Introduction
	Experimental Procedure
	Chemicals
	Animals
	Activity Rate Measurements
	FA Oxidation by Tissue Slices
	FA Oxidation by Liver Cells
	FA Oxidation by Liver Homogenates
	FA Oxidation by Mitochondrial Fractions
	FA Oxidation-Related Enzyme Activities
	Peroxisomal FA Oxidation-Related Activities
	Gene Expression
	Statistics

	Results
	Entry of Isomer C18:1 Chains into Mitochondria
	Oxidation Related to the Carboxylic End of C18:1 Isomers
	Oxidation Related to the Whole Isomer C18:1 Molecules
	Hepatocyte FA Oxidation-Related Gene Expression

	Discussion
	Entry of FA Chains into Mitochondria
	 beta -Oxidation Reaction
	Effect of C18:1 Isomers on  beta -Oxidation-Related Gene Regulation

	Acknowledgments
	References


	593-602.pdf
	Lipidomic Analysis of Porcine Olfactory Epithelial Membranes and Cilia
	Abstract
	Introduction
	Materials
	Methods
	Isolation of Membranes Enriched in Olfactory Cilia
	Whole-Tissue Membrane Isolation
	Adenylcyclase Assay
	Lipid Extraction
	Thin-Layer Chromatography
	MALDI-TOF Mass Spectrometry
	NMR Spectroscopy

	Results
	Discussion
	Acknowledgments
	References


	603-612.pdf
	Reversible Inhibitory Effects of Saturated and Unsaturated Alkyl Esters on the Carboxylesterases Activity in Rat Intestine
	Abstract
	Introduction
	Experimental Procedure
	Materials
	Animals
	Preparation of Homogenates from Rat Intestinal Mucosa
	IC50 Determination
	Inhibitory Mechanism of Ethyl Caproate,  Ethyl (E)-hex-2-enoate and Ethyl Oleate
	In Situ Perfusion Experiments with Superior Mesenteric Vein Blood Sampling
	HPLC Analysis for Drug Concentration In Vitro
	LC/MS/MS Analysis for Plasma Drug Concentration
	Data Analysis
	Statistical Analysis

	Results
	IC50 Determination
	Inhibitory Mechanism Determination
	In Situ Perfusion Experiments with Superior Mesenteric Vein Blood Sampling

	Discussion
	Acknowledgments
	References


	613-618.pdf
	Anti-scratching Behavioral Effects of N-Stearoyl-phytosphingosine and 4-Hydroxysphinganine in Mice
	Abstract
	Introduction
	Experimental Procedure
	Materials and Reagents
	Animals
	Assay of Scratching Behavior Frequency
	Measurement of Vascular Permeability
	Histopathological Study
	Analysis of IL-4 and TNF- alpha  by Enzyme-Linked Immunosorbent Assay (ELISA) and Immunoblot
	Anti-histamine Action Assay
	Statistics

	Results
	Inhibitory Effects of SPS and PS on Histamine-Induced Scratching Behavior in Mice
	Inhibitory Effects of SPS and PS on IL-4 and TNF- alpha  Protein Expression Induced by Histamine in Mice
	Inhibitory Effects of SPS and PS on Histamine-Increased Vascular Permeability and Ileal Contraction

	Discussion
	References


	619-625.pdf
	Electronegative Low-Density Lipoprotein is Associated with Dense Low-Density Lipoprotein in Subjects with Different Levels of Cardiovascular Risk
	Abstract
	Introduction
	Materials and Methods
	Study Population
	Sample Characteristics
	Blood Samples
	Lipid and Protein Analyses
	LDL(minus) Analyses
	Statistical Analyses

	Results
	Discussion
	Acknowledgments
	References


	627-633.pdf
	Oxidative Modification and Poor Protective Activity of HDL on LDL Oxidation in Thalassemia
	Abstract
	Introduction
	Methods
	Subjects
	Blood Collection and Plasma Preparation
	Lipoprotein Separation
	HDL Composition
	Lipid Peroxidation
	Protective Activity of HDL on LDL Oxidation
	Peroxidase Activity of HDL
	Statistical Analysis

	Results
	Composition and Oxidation of Thalassemic HDL
	Protective Effect of HDL on LDL Oxidation

	Discussion
	Acknowledgments
	References


	635-643.pdf
	Biochemical Studies on Sphingolipid of Artemia franciscana (I) Isolation and Characterization of Sphingomyelin
	Abstract
	Introduction
	Experimental Procedure
	Isolation of Sphingomyelin
	Thin-Layer Chromatography
	Fatty Acid Analysis
	Sphingoid Analysis
	Gas Chromatography and Gas Chromatography-Mass Spectrometry
	Infrared Spectroscopy
	Hydrolysis with Butanolic HCl
	Hydrolysis with Hydrofluoric Acid
	Hydrolysis with Phospholipase C
	MALDI-TOF MS

	Results and Discussion
	Isolation of Sphingomyelin
	Infrared Spectroscopy Analysis
	Gas Chromatography Analysis
	Confirmation of Sphingomyelin
	MALDI-TOF MS Analysis
	Ceramide Components of Sphingomyelin in Vertebrate and Invertebrate

	Acknowledgments
	References


	645-649.pdf
	Enhanced Bioavailability of Eicosapentaenoic Acid from Fish Oil After Encapsulation Within Plant Spore Exines as Microcapsules
	Abstract
	Introduction
	Experimental Procedure
	Measurement of Serum Fatty Acids

	Results
	Discussion
	References


	651-657.pdf
	Methods of Emulsifying Linoleic Acid in Biohydrogenation Studies In Vitro May Bias the Resulting Fatty Acid Profiles
	Abstract
	Introduction
	Experimental Procedure
	In-Vitro System and Experimental Design
	Fatty Acid Analysis
	Calculations and Statistical Analysis

	Results
	The Emulsifying Methods’ Distribution Quality and Effects on Fatty Acid Profile and Recovery

	Discussion
	Effects of the Emulsification Methods on Fatty Acid Recovery and BH of Linoleic Acid

	Conclusion
	Acknowledgments
	References


	659-668.pdf
	Repletion of n-3 Fatty Acid Deficient Dams with alpha -Linolenic Acid: Effects on Fetal Brain and Liver Fatty Acid Composition
	Abstract
	Introduction
	Materials and Methods
	Animals and Study Design
	Experimental Diets
	Lipid Extraction, Transmethylation, and Gas Chromatography
	GC Analyses
	Statistical Analysis

	Results
	Discussion
	Acknowledgment
	References


	669-681.pdf
	Effects of Seal Oil and Tuna-Fish Oil on Platelet Parameters and Plasma Lipid Levels in Healthy Subjects
	Abstract
	Introduction
	Experimental Procedures
	Ethics Approval
	Recruitment and Study Population
	Experimental Design
	Dietary Analyses
	Blood Collection
	Platelet Function Tests
	C-Reactive Protein and Lipid Profile
	Platelet Fatty Acid Content
	Statistics

	Results
	Subjects
	Baseline Nutrient and Fatty Acid Intakes
	Fatty Acid Incorporation into Platelet Phospholipids
	Platelet Parameters
	Blood Lipid Profile and C-Reactive Protein

	Discussion
	Acknowledgments
	References


	683-692.pdf
	Decreasing the Linoleic Acid to alpha -Linolenic Acid Diet Ratio Increases Eicosapentaenoic Acid in Erythrocytes in Adults
	Abstract
	Introduction
	Materials and Methods
	Volunteers
	Study Design
	Food Development and Preparation
	Quality Control and Dietary Compliance
	Biological Data Collection and Assays
	Statistical Analyses

	Results
	Characteristics of Study Subjects
	Dietary FA Intakes
	Change in Participants’ RBC Membrane FA Composition

	Discussion
	Acknowledgments
	References


	693-700.pdf
	trans-Fatty Acid Isomers in Adipose Tissue Have Divergent Associations with Adiposity in Humans
	Abstract
	Introduction
	Methods
	Study Population
	Data Collection
	Fatty Acid Analysis
	Statistical Analysis

	Results
	Discussion
	Conflict of interest statement
	References


	701-711.pdf
	Enhanced Aortic Macrophage Lipid Accumulation and Inflammatory Response in LDL Receptor Null Mice Fed an Atherogenic Diet
	Abstract
	Introduction
	Experimental Procedures
	Animals and Diets
	Atherosclerosis Lesion Quantitation
	Immunohistochemistry
	Serum Lipid Profile
	Plasma Concentrations of Inflammatory Factors
	Elicited Peritoneal M straightphi Culture and Stimulation
	Statistical Methods

	Results
	Animal Body Weight and Food Intake
	Aortic Lesion Composition
	Serum Lipid Profile
	Plasma Concentrations of Inflammatory Factors
	Elicited Peritoneal M straightphi Fatty Acid Profiles
	Elicited Peritoneal M straightphi Cholesterol Content
	mRNA and Protein Levels of Genes Involved in Cholesterol Accumulation in Elicited Peritoneal M straightphi 
	mRNA Levels and Secretion of Inflammatory Factors in/From Elicited Peritoneal M straightphi 

	Discussion
	Acknowledgments
	References


	713-721.pdf
	Purified Canola Lutein Selectively Inhibits Specific Isoforms of Mammalian DNA Polymerases and Reduces Inflammatory Response
	Abstract
	Introduction
	Experimental Procedures
	Materials
	Structure Determination
	Enzymes
	DNA Polymerase Assays
	Other DNA Metabolic Enzymes Assays
	Anti-Inflammatory Assay
	Molecular Simulation

	Results
	Isolation of the Mammalian Pol Inhibitor from the Pressed Extract of Canola/Rapeseed (Brassica napus L.)
	Structure Determination of Compound 1
	Effects of Lutein-Related Carotenoids (Compounds 1--10) on Mammalian Pols alpha , beta and lambda 
	Effects of Lutein (1) on Various Pols and Other DNA Metabolic Enzymes
	Anti-Inflammatory Effects of Lutein-Related Carotenoids (Compounds 1--10)
	Structure and Bioactivity Relationship of Lutein-Related Carotenoids

	Discussion
	Acknowledgments
	References


	723-731.pdf
	Increased Lipid Peroxidation in LDL from Type-2 Diabetic Patients
	Abstract
	Introduction
	Materials and Methods
	Blood Collection
	LDL Isolation by Ultracentrifugation
	LDL Isolation by FPLC
	Protein, Total LDL Cholesterol and Triacylglycerol Determinations
	LDL Cholesterol Determination
	Fatty Acid Composition of LDL Lipid Classes
	Quantification of Total LDL Monohydroxylated Fatty Acids
	Malondialdehyde Determination in LDL
	Vitamin E Determination in LDL and Plasma
	Statistical Analysis

	Results
	Comparison of LDL Isolated by Ultracentrifugation and Fast-Protein Liquid Chromatography

	Lipid Composition and Redox Status of LDL from Diabetic Patients Compared to LDL from Healthy Subjects
	Clinical Characteristics
	Lipid and Fatty Acid Compositions of Diabetic LDL Compared to Control LDL
	Lipid Peroxide and Antioxidant Content of Diabetic LDL Compared To Controls

	Discussion
	Acknowledgments
	References


	733-741.pdf
	Isomerization of 9c11t/10t12c CLA in Triacylglycerols
	Abstract
	Introduction
	Experimental
	Samples and Methods
	Infrared Spectroscopic Measurements
	Gas Chromatographic Analysis

	Results and Discussion
	Infrared Spectroscopy
	Gas Chromatography
	Mechanism

	References


	743-756.pdf
	RP-HPLC/MS-APCI Analysis of Branched Chain TAG Prepared by Precursor-Directed Biosynthesis with Rhodococcus erythropolis
	Abstract
	Introduction
	Experimental
	Microbial Material
	Standards and Isolation
	Preparation of Mixed FA Composition TAG
	Preparation of Single FA Composition TAG
	FAME Analysis
	RP-HPLC/MS-APCI

	Results and Discussion
	Acknowledgments
	References


	757-764.pdf
	Development of a Novel Sandwich ELISA for Measuring Cell Lysate ABCA1 Protein Levels
	Abstract
	Introduction
	Experimental Procedures
	Expression and Purification of Human ABCA1 Protein
	ABCA1 Antibodies
	Macrophage Lysate Preparation
	Peripheral Blood Mononuclear Cell Preparation
	Immunoprecipitation of ABCA1
	Western Blotting
	ABCA1 ELISA
	Data Analysis

	Results
	Discussion
	References


	765-775.pdf
	A High Legume Low Glycemic Index Diet Improves Serum Lipid Profiles in Men
	Abstract
	Introduction
	Subjects and Methods
	Subjects and Recruitment
	Criteria and Restrictions
	Diet and Study Design
	Sample Collection and Measurements
	Statistical Analysis

	Results
	Effects of Experimental Diets on Serum Lipids
	Effects of Experimental Diets on Serum Lipids Stratified by Insulin Resistance Status
	Effects of Insulin Resistance Status at Study Entry on Lipid R esponses

	Discussion
	Acknowledgments
	References


	777-784.pdf
	Canola Oil Inhibits Breast Cancer Cell Growth in Cultures and In Vivo and Acts Synergistically with Chemotherapeutic Drugs
	Abstract
	Introduction
	Experimental Procedure
	Cell Culture
	Materials
	Cell Proliferation Assay
	Caspase-3 Assay
	p53 Assay
	Flow Cytometric Analysis
	Chemotherapeutic Drug Treatments
	Animals and Diets
	Tumor Induction and Measurement
	Statistical Analysis

	Results
	T47D and MCF-7 Cancer Cell Growth Response
	Caspase-3 and p53 Activities, and Cancer Cell Death
	Possible Synergistic Effects of CAN with Chemotherapeutic Drugs on Cancer Cell Growth Inhibition
	Tumor Volumes and Survival Rate In Vivo

	Discussion
	Acknowledgments
	References


	785-798.pdf
	Chemopreventive Effect of Different Ratios of Fish Oil and Corn Oil in Experimental Colon Carcinogenesis
	Abstract
	Introduction
	Materials and Methods
	Chemicals
	Experimental Animals
	Diets
	Experimental Design
	Measurement of ACF Count
	Histopathological Examination
	Isolation of Colonocytes
	Assay for the Generation of Reactive Oxygen Species
	Measurement of Antioxidant Enzymes
	Apoptosis Measurement Using the M-30 cytoDEATH Antibody
	DNA Fragmentation
	Statistical Analysis

	Results
	Effect of Fish Oil and Corn Oil on Oxidative Stress Parameters
	Initiation phase study
	Post Initiation Phase Study

	The Effect of Fish Oil and Corn Oil on M-30 cytoDEATH Levels
	The Effect of Fish Oil and Corn Oil on DNA Fragmentation
	The Effect of Fish Oil and Corn Oil on the ACF Count
	The Effect of Fish Oil and Corn Oil on Histopathology of the Colon

	Discussion
	Acknowledgments
	References


	799-808.pdf
	Lower Efficacy in the Utilization of Dietary ALA as Compared to Preformed EPA + DHA on Long Chain n-3 PUFA Levels in Rats
	Abstract
	Introduction
	Experimental Procedures
	Materials
	Animals and Diets
	Analysis of Lipids
	Statistics

	Results
	Fatty Acid Composition of Diet
	Serum Lipid Profile of Rats Fed Diets Containing Different Levels of LSO or FO
	Liver Lipid Profile of Rats Fed Diets Containing Different Levels of LSO or FO
	Heart, Brain and Adipose Tissue Fatty Acid Profile of Rats Fed Diet with Different Levels of LSO or FO

	Discussion
	Acknowledgments
	References


	809-819.pdf
	Dietary Free Oleic and Linoleic Acid Enhances Neutrophil Function and Modulates the Inflammatory Response in Rats
	Abstract
	Introduction
	Experimental Procedure
	Reagents
	Animals
	Administration of Oleic and Linoleic Acids
	Nutritional Parameters
	Biochemical Determinations
	Histological Analysis
	Neutrophil Preparation
	Determination of Neutrophil Fatty Acid Composition
	Culture Conditions
	Cell Membrane Integrity Assay
	DNA Fragmentation Assay
	Expression of Adhesion Molecules (l-Selectin and beta 2-Integrin) Evaluated by Flow Cytometry
	Intravital Microscopic Assay
	Leukocyte--Endothelial Interaction
	Air Pouch Assay and Exudate Preparation
	Ex Vivo Cytokine Production
	Statistical Analysis

	Results
	Discussion
	Acknowledgments
	References


	821-832.pdf
	Regulation of Hepatocyte Lipid Metabolism and Inflammatory Response by 25-Hydroxycholesterol and 25-Hydroxycholesterol-3-sulfate
	Abstract
	Introduction
	Materials and Methods
	Cell Culture
	Cell Proliferation and Cytotoxicity Assay
	Western Blot Analysis of Nuclear LXR, NF kappa B, SREBP-1, and Intracellular FAS, ACC1, ABCA1, and I kappa B alpha Levels
	LXR Transcription Factor Assay
	Determination of mRNA Levels by Real-Time RT-PCR
	Oil Red O Staining of Total Intracellular Neutral Lipids
	Quantitative Measurements of Total Cholesterol, Free Cholesterol, Free Fatty Acids, and Triglycerides
	Transfection and Promoter Reporter Gene-Luciferase Assays
	Examination of Intracellular NF kappa B Translocation by Confocal Microscopy
	Statistics

	Results
	Effects of 25HC3S and 25HC on Nuclear LXR Levels
	Effects of 25HC3S and 25HC on LXR and SREBP Target Gene Expression
	Effects of 25HC3S and 25HC on Intracellular and Total Cellular Lipid Levels in Primary Rat Hepatocytes and HepG2 Cells
	Effects of 25HC3S and 25HC on Cell Proliferation in HepG2 Cells
	Effects of 25HC3S and 25HC on Cytoplasmic I kappa B alpha and Nuclear NF kappa B Levels in Primary Rat Hepatocytes and HepG2 Cells
	Addition of 25HC3S Represses Inflammatory Response

	Discussion
	Acknowledgments
	References


	833-841.pdf
	 gamma -Tocotrienol Reduces Squalene Hydroperoxide-Induced Inflammatory Responses in HaCaT Keratinocytes
	Abstract
	Introduction
	Materials and Methods
	Materials
	Cells and Cultures
	Preparation of the Experimental Media
	RNA Extraction
	Real-Time RT-PCR Assay
	Cell Viability
	Evaluation of Reactive Oxygen Species
	Electrophoretic Mobility Shift Assays
	Western Blot Analysis
	Enzyme-Linked Immunosorbent Assay
	Statistical Analysis

	Results
	SQ-OOH Induces Expression of Inflammatory Mediator Genes in HaCaT Keratinocytes
	COX-2 is Involved in the Inflammatory Effect of SQ-OOH in HaCaT Keratinocytes
	 gamma -T3 Attenuates Inflammatory Effects of SQ-OOH in HaCaT Keratinocytes

	Discussion
	Acknowledgments
	References


	843-854.pdf
	Potential of Magnetic Resonance Spectroscopy in Assessing the Effect of Fatty Acids on Inflammatory Bowel Disease in an Animal Model
	Abstract
	Introduction
	Materials and Methods
	1H MRS Analysis
	One-Dimensional Experiments
	Two-Dimensional MRS Experiments

	Gas Chromatography
	Histology
	Statistical Classification Strategy
	Preprocessing
	Feature Selection/Extraction
	Classifier Generation


	Results
	Discussion
	Acknowledgements
	References


	855-862.pdf
	Phytosterol Ester Constituents Affect Micellar Cholesterol Solubility in Model Bile
	Abstract
	Introduction
	Materials and Methods
	Procedures
	Model Bile Mixed Micelles
	Micelle Sterol Analysis
	Statistics


	Results
	Micellar Incorporation of Free Sterols
	Sterol Esters and Model Bile Mixed Micelles
	Micelle Solubility of Individual Sterols
	Dose-Dependent Competition Between Sterols for Micellar Incorporation
	Free Sterol and Fatty Acid Effects on Micellar Sterol Content
	Micelle Size

	Discussion
	Acknowledgments
	References


	863-875.pdf
	Lipid Profiling Reveals Tissue-Specific Differences for Ethanolamide Lipids in Mice Lacking Fatty Acid Amide Hydrolase
	Abstract
	Introduction
	Experimental Procedures
	Animals and Tissue Extracts
	Lipid Extractions
	Phospholipid Analysis and Quantification
	NAPE Standard Acquisition and Synthesis
	NAPE Analysis and Quantification
	Validation of NAPE Quantitation Method
	NAE Analyses

	Results
	Discussion
	Acknowledgments
	References


	877-887.pdf
	t10,c12-18:2-Induced Milk Fat Depression is Less Pronounced in Cows Fed High-Concentrate Diets
	Abstract
	Introduction
	Experimental Procedure
	Animals, Diets and Treatments
	Sampling, Measurements and Analyses
	Calculations and Statistical Analyses

	Results
	DMI and Milk Production and Composition
	Plasma Composition
	Milk FA Composition
	Milk Fat and FA Yields
	Meta-Analysis of Published t10,c12-18:2 Infusion Studies

	Discussion
	Acknowledgments
	References


	889-890.pdf
	NIH, Science, and Baseball: Time for Reform?

	891-892.pdf
	Saturated Fat and Health: Recent Advances in Research
	References


	893-905.pdf
	Saturated Fat and Cardiometabolic Risk Factors, Coronary Heart Disease, Stroke, and Diabetes: a Fresh Look at the Evidence
	Abstract
	Introduction
	Methods
	Effects on Cardiovascular Risk Factors
	Lipids and Lipoproteins
	Systemic Inflammation
	Blood Pressure, Endothelial Function, and Arterial Stiffness
	Insulin Resistance and Diabetes
	Weight Gain and Adiposity

	Relationships with Cardiovascular Events
	Coronary Heart Disease---Prospective Cohort Studies
	Coronary Heart Disease---Randomized Controlled Trials
	Stroke: Prospective Cohorts and Randomized Controlled Trials

	Future Research Directions
	Conclusions
	Acknowledgments
	References


	907-914.pdf
	Atherogenic Dyslipidemia: Cardiovascular Risk and Dietary Intervention
	Abstract
	Definition of Atherogenic Dyslipidemia
	Small LDL Particles, Total LDL Particles, and CVD Risk
	Principal Component Analysis of Lipoprotein Subfractions
	Genetics and Atherogenic Dyslipidemia
	Effects of Diet on Atherogenic Dyslipidemia
	Interactions of Genetics and Dietary Interventions
	Conclusion
	Open Access
	References


	915-923.pdf
	Saturated Fats: A Perspective from Lactation and Milk Composition
	Abstract
	Introduction
	Diet, Fatty Acids, and Lipoproteins
	Are Recommendations to Lower Total Fat Intakes Justified for Everyone?
	Individual Response to Dietary Fat Intakes

	Biological Activities of Saturated Fatty Acids
	Delivery of Fat-Soluble Nutrients

	Milkfat and HDL
	Conclusions
	Open Access
	References


	925-939.pdf
	The Consumption of Milk and Dairy Foods and the Incidence of Vascular Disease and Diabetes: An Overview of the Evidence
	Abstract
	Introduction
	Experimental Procedure
	Search Strategy
	Meta-Analyses

	Results
	Dairy Foods
	Milk
	Butter and Cheese
	Other Dairy Foods
	Dairy Foods and Diabetes

	Discussion
	Acknowledgements
	References


	941-946.pdf
	The Complex and Important Cellular and Metabolic Functions of Saturated Fatty Acids
	Abstract
	Introduction
	New Aspects on the Metabolism of Saturated Fatty Acids
	Cellular Origin of Saturated Fatty Acids
	Desaturation of Saturated Fatty Acids

	Specific Biochemical Functions of Individual SFA
	Regulation of Protein Activation by N-terminal Myristoylation
	Can Myristic Acid be the Rate-Limiting Molecule in the Myristoylation Pathway?
	Regulation of Protein--Membrane Interactions by Palmitoylation
	Regulation of Gene Transcription by Saturated Fatty Acids

	New Demonstrated or Putative Physiological Roles of SFA
	Stearic Acid is Neutral for Cholesterol but Could be Pro-Lipogenic
	Myristic Acid Could Regulate PUFA Bioavailability
	Lauric Acid Could be a Precursor for omega 3 Fatty Acid Biosynthesis
	SFA May Play Multiple Roles in Early Events of Apoptosis
	Medium-Chain Fatty Acids and Fat Deposition

	Conclusion
	References


	947-962.pdf
	Limited Effect of Dietary Saturated Fat on Plasma Saturated Fat in the Context of a Low Carbohydrate Diet
	Abstract
	Introduction
	Experimental Procedures
	Study Participants
	Study Design and Dietary Intervention
	Anthropometrics
	Blood Collection and Analysis
	Fatty Acid Composition
	Statistics

	Results
	Dietary Intake
	Body Weight and Composition
	Blood Markers
	Plasma Saturated and Monounsaturated Fatty Acids
	Plasma Polyunsaturated Fatty Acids

	Discussion
	Saturated Fat
	Highly Unsaturated Fatty Acids
	Insulin Resistance Syndrome
	Dietary Recommendations

	Acknowledgments
	References


	963-973.pdf
	Bovine Adipose Triglyceride Lipase is Not Altered and Adipocyte Fatty Acid-Binding Protein is Increased by Dietary Flaxseed
	Abstract
	Introduction
	Materials and Methods
	Feeding Regimen for Angus Cattle
	RNA Isolation
	Cloning of Bovine ATGL
	Quantitative Real-Time PCR Detection of Total Gene Expression
	Protein Isolation and Immunoblotting
	Analysis of Triacylglycerol Mass
	Bioinformatics, Sequence Analysis, and Statistical Analysis

	Results
	Discussion
	Acknowledgments
	References


	975-986.pdf
	Short Chain Saturated Fatty Acids Decrease Circulating Cholesterol and Increase Tissue PUFA Content in the Rat
	Abstract
	Introduction
	Materials and Methods
	Chemicals
	Diets
	Animals
	Lipid Extraction and FA Analysis
	Results Expression and Statistical Analysis

	Results
	Physiological Status and Plasma Lipid Parameters
	Saturated FA Profiles of the Tissues
	Monounsaturated FA Profiles of the Tissues
	(n-3) PUFA Profiles of the Tissues
	(n-6) PUFA Profiles of the Tissues

	Discussion
	Acknowledgments
	References


	987-995.pdf
	Liver-Specific Pyruvate Dehydrogenase Complex Deficiency Upregulates Lipogenesis in Adipose Tissue and Improves Peripheral Insulin Sensitivity
	Abstract
	Introduction
	Materials and Methods
	Animals
	Genotype Analysis
	Enzyme Activities and Protein Detection
	Body Composition and Whole Body Energy Balance
	In Vitro Synthesis of Fatty Acids
	Hyperinsulinemic-Euglycemic Clamp
	Data Analysis and Presentation of Results

	Results
	Characterization of Liver-Specific Pdha1 Knockout Mice
	Liver-Specific PDC Deficiency on Fat Mass, Energy Expenditure and Glycogen Stores
	In Vitro Analysis of Lipogenesis
	Hyperinsulinemic-Euglycemic Clamp in Liver-PDHKO Mice

	Discussion
	Acknowledgments
	References


	997-1009.pdf
	Inhibition of Insulin and T3-Induced Fatty Acid Synthase by Hexanoate
	Abstract
	Introduction
	Methods
	Materials
	Cell Culture and Transfection Procedure
	Analysis of Cell Extracts
	FAS Activity
	Western Blot Analysis
	Flow Cytometric Analysis of T3 Content
	Fatty Acid Uptake
	Lipid Profile

	Results
	Role of insulin, T3 and Medium Chain Fatty Acids on FAS Enzymatic Activity
	Effect of Hormonal Treatment on Hexanoate Uptake
	Post-Translational Effect of Hexanoate on FAS Activity
	Effects of T3, insulin, and hexanoate on FAS expression
	Effect of C6 on Insulin Receptor Phosphorylation and T3 Uptake
	Effect of MCFA Metabolites on FAS Enzymatic Activity
	Role of Fatty Acids Metabolism Inhibitors on the Effect of Hexanoate on FAS Enzymatic Activity

	Discussion
	Acknowledgments
	References


	1011-1023.pdf
	Dietary Lecithin Source Affects Growth Potential and Gene Expression in Sparus aurata Larvae
	Abstract
	Introduction
	Experimental Procedure
	Experimental Conditions
	Sampling procedures
	Analytical Methods
	Statistical Analysis

	Results
	Discussion
	Acknowledgments
	References


	1025-1033.pdf
	1035-1045.pdf
	1047-1051.pdf
	1053-1060.pdf
	1061-1079.pdf
	1081-1087.pdf
	1089-1100.pdf
	1101-1108.pdf
	1109-1116.pdf
	1117-1126.pdf
	1127-1138.pdf
	1139-1146.pdf
	1147-1158.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




